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19-  Abstract  (continued) 

Probably  the  most  striking  results  in  this  area  concern  IV- VI 
semiconductors  such  as  PbTe  and  SnTe,  where  we  have  originated  the 
concept  of  false  valence:  In  on  a  Te  site  in  SnTe  is  a  (triple)  acceptor  and  has 
norm^  valence  of  -3  with  respect  to  Te.  But  on  a  Te  site  in  PbTe,  In  is  a 
(triple)  donor  with  a  false  valence  of  +3  with  respect  to  Te  because  an  In  doep 
p-like  one-electron  level  capable  of  trapping  six  electrons  crosses  the  gap  as  x 
decreases  in  Pbi-xSn-Te.  This  theory  predicts  that  In  is  a  donor  in  PbTe  but  an 
acceptor  in  SnTe;  it  argues  that, in  IV-VI  semiconductors  impurities  often 
occupy  the  intuitively  "wrong"  site  or  antisite;  it  shows  that  the  relevant  In 
occupies  Te  sites;  it  explains  low  doping  efficiencies;  and  it  shows  promise  ^or 
explaining  solidus  curves. 

This  work  on  InN  illustrates  how  our  theory  can  be  useful  for  the 
fabrication  and  doping  of  new  electronic  materials.  The  recent  development 
of  high-mobility  InN  raises  the  possibility  of  making  UV  sensors  and  even 
lasers  out  of  this  material.  We  have  presented  global  predictions  on  the 
behavior  of  s-  and  p-bonded  deep  levels  in  InN,  Ini-xGaxN,  and  Ini-xA  xN  as  a 
means  of  guiding  experiments  aimed  at  doping  these  materials  for  use  in  UV 
and  glue-green  optical  devices. 

This  contribution  to  the  theory  of  Schottky  barriers  by  developing  the 
theory  of  defects  at  surfaces  and  at  interfaces.  Soon  we  shall  publish  the  first 
theory  of  scanning  tunneling  microscope  images  of  surface  antisite  defects  in 
GaAs.  This  theory  shows  that  unless  the  microscope  bias  is  set  correctly,  an 
antisite  defect  can  appear  to  be  the  same  as  the  atom  it  replaced!  We  have 
also  investigated  the  role  of  piastic  flow  in  the  formation  of  scanning 
tunneling  microscope  tips  by  electrochemical  etching. 

This  work  has  laid  the  foundation  for  treating  degenerate  Fermi  gases 
in  alloys,  and  including  multi-electron  relaxation  effects  (i.e.,  infrared 
divergence  phenomena)  in  evaluation  of  their  optical  properties.  While  this 
approach  has  a  way  to  go  before  being  easily  implemented  for  realistic  models, 
it  is  far  ahead  of  its  main  competitor,  the  renormalization  group  method. 

The  electronic  properties  of  Gei-xSnx  have  been  worked  out,  as  a 
guideline  for  experimental  groups  attempting  to  grow  these  interesting 
materials.  The  physics  of  order-disorder  transformations  in  metastable  alloys 
such  as  (GaAs)i.xGe2x  has  been  elucidated  (in  collaboration  with  K.  E. 
Newman)  and  new  materials,  such  as  (InP)i.xGe2x,  have  been  predicted  as 
likely  to  have  interesting  infrared  properties.  The  relationships  of  random 
alloys  wdth  partially  ordered  phases  (e.g.,  zincblende,  superlattice, 
chalcopyrite,  etc.)  have  been  elucidated,  and  a  basic  quasi-equilibrium 


approach  to  ’onderslanding  their  electronic,  vibrational,  and  thermodynamic 
properties  has  been  developed. 

This  effort  has  produced  the  first  comprehensive  theory  of  deep  levels 
in  [001]  and  [111]  IH-V  superlattices.  This  theory  elucidated  the  various  factors 
affecting  deep  levels,  sets  forth  the  conditions  for  obtaining  shallow-deep 
transitions,  and  predicts  that  Si  (a  common  donor  making  GaAs  n-type) 
becomes  a  deep  trap  in  GaAs/  A  xGai-xAs  superlattices  with  thin  quantum 
wells.  These  results  have  bearing  on  HEMT  structures. 

We  have  developed  the  pseudo-function  method  of  local-density 
theory,  including  the  spin-unrestricted  version.  We  have  treated  the 
hypothetical  material  MnTe  with  spin-unrestricted  pseudo-function  theory 
and  found  an  antiferromagnetic  gro'ond  state  and  conduction  bands  that  are 
highly  spin  polarized.  We  have  obtained  the  results  of  earlier  theories  by 
restricting  the  amount  of  spin-polarization;  hence  we  have  ascribed  the 
differences  between  our  results  and  earlier  theories  to  inadequate  basis  sets  of 
the  earlier  theories.  We  are  currently  exploring  applications  of  our  methods 
to  other  problems  in  magnetism,  and  have  some  optimism  that  our  spin- 
dependent  pseudo-function  approach  may  overcome  the  traditional  problems 
of  the  local-density  theory  of  magnetic  systems. 

The  pseudo-function  method  is  computationally  fast  by  local-density 
standards,  and  we  have  used  it  to  determine  equilibrium  surface  relaxations 
of  semiconductors  by  minimizing  the  total  energies  jf  the  surfaces.  We  have 
also  looked  at  many  possible  oxygen  adsorption  sites  on  GaAs  (11 D)  to  find  the 
ones  with  the  lowest  energy,  in  order  to  understand  the  oxidatioi  process. 

The  pseudo-function  method  gives  the  same  ansu/^ers  to  the  clas-^ir  problems, 
such  as  the  bulk  modulus  of  Si,  as  the  other  sac  'essful  implemer.’.ations  of 
local  density  theory. 
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THEORY  OF  SQIICONDUCTING  SUPERIATTICES  AND  MiCROSTRUCTURES 

John  D.  Dov 
Departnnent  of  Phj^sics 
University  of  Notre  Dame 
Notre  Dame,  Indiana  46556 

A.  Impurity  levels  in  bulk  materials 

One  of  the  long-term  interests  of  our  group  has  been  to  understand 
the  deep  level  structures  of  impurities  in  semiconductors.  We  have 
continued  working  in  this  area  because  the  problems  are  interesting  and 
challenging,  while  often  being  well-suited  to  training  graduate  students. 

1.  IV-VI  s emiconduc tors 

Probably  the  most  striking  results  in  this  area  concern  IV-VI 
semiconductors  such  as  PbTe  and  SnTe,  where  we  have  originated  the 
concept  of  false  valence:  In  on  a  Te  site  in  SnTe  is  a  (triple)  acceptor 
and  ha*  normal  valence  of  -3  with  respect  to  Te.  But  on  a  Te  site  in 
PbTe,  In  is  a  (triple)  donor  with  a  false  valence  of  +3  with  respect  to 
Te  bees  ise  an  In  deep  p-like  one-electron  level  capable  of  trapping  six 
electrons  crosses  the  gap  as  x  decreases  in  Pbj^_^Sn^Te,  This  theory 
predicts  that  In  is  a  donor  in  PbTe  but  an  acceptor  in  SnTe;  it  argues 
that  in  IV-VI  semiconductors  Impurities  often  occupy  the  intuitively 
"wrong"  site  or  antisite;  it  shows  that  the  relevant  In  occupies  Te 
sites;  it  explains  low  doping  efficiencies;  and  it  shows  promise  for 
explaining  solidus  curves . 

2-  InN-related  materials 

Our  work  on  InN  illustrates  how  our  theory  can  be  useful  for  the 
fabrication  and  doping  of  new  electronic  materials.  The  recent 
development  of  high-mobility  InN  raises  the  possibility  of  making  UV 
sensors  and  even  lasers  out  of  this  material.  We  have  presented  global 
predictions  on  the  behavior  of  s-  and  p-bonded  deep  levels  in  InN, 
Ini^x^^xN,  and  Inj^^x^'^x^  ^  means  of  guiding  experiments  aimed  at 

doping  these  materials  for  use  in  UV  and  blue-green  optical  devices. 

1*  Charge -state  splittings  and  meso -bonding  molecular  defects 

It  has  been  our  position  for  years  that  large  self-consistent 
pseudopotential  calculations  of  deep  levels  are  rarely  necessary  for 
substitutional  s-  and  p-bonded  impurities  in  Si  and  III-V  semiconductors. 
This  position,  although  opposed  by  significant  segments  of  the 
theoretical  physics  community,  has  been  vindicated  by  our  self-consistent 
calculations  for  S  in  Si. 

A  controversy  about  the  character  of  the  S2  substitutional  molecular 
defect  in  Si  has  been  resolved  in  favor  of  a  meso-bonding  picture,  based 
on  our  self-consistent  calculations  of  the  charge-state  splittings  and 
hyperfine  tensor  in  this  system. 

Effects  of  hydrostatic  pressure  and  uniaxial  stress  on  deep  levels 
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We  have  shown  that  if  both  the  energy  of  a  deep  level  and  its 
(hydrostatic  or  uniaxial)  pressure  dependence  are  known,  one  can  almost 
uniquely  determine  the  substitutional  defect  responsible .  The 
determination  is  often  not  unique,  but  reduces  the  candiaate  s-  and  p- 
bonded  impurities  to  only  a  few. 

B.  Surface  defects 

We  hav3  contributed  to  the  theory  of  Schottky  barriers  by  developin^j 
the  theory  of  defects  at  s-'  .-faces  and  at  interfaces.  Soon  we  shall 
publish  the  first  theory  of  scanning  tunneling  microscope  images  of 
surface  antisite  defects  in  GaAs.  This  theory  shows  that  unless  the 
microscope  bias  is  set  correctly,  an  antisite  defect  can  appear  to  be  the 
same  as  the  atom  it  replaced!  We  have  also  investigated  the  role  of 
plastic  flow  in  the  formation  of  scanning  tunneling  microscope  tips  by 
electrochemical  etching. 

C-  Pseudo* function  local-density  theory 

We  have  developed  the  pseudo -function  method  of  local-density 
theory,  including  the  spin- unrestricted  version.  We  have  treated  the 
hypothetical  material  MnTe  with  spin-unrestricted  pseudo function  theory 
and  found  an  antiferromagnetic  ground  state  and  conduction  bands  that  are 
highly  spin  polarized.  We  have  obtained  the  results  of  earlier  theories 
by  restricting  the  amount  of  spin-polarization;  hence  we  have  ascribed 
the  differences  between  our  results  and  earlier  theories  to  inadequate 
basis  sets  of  the  earlier  theories.  We  are  currently  exploring 
applications  of  our  methods  to  other  problems  in  magnetism,  and  have  some 
optimism  that  our  spin- dependent  pseudo- function  approach  may  overcome 
the  traditional  problems  of  the  local-density  theory  of  magnetic  systems. 

The  pseudo- function  method  is  computationally  fast  by  local-density 
standards,  and  we  have  used  it  to  determine  equilibrium  surface 
relaxations  of  semiconductors  by  minimizing  the  total  energies  of  the 
surfaces.  We  have  also  looked  at  many  possible  oxygen  adsorption  sites  on 
GaAs  (110)  to  find  the  ones  with  the  lowest  energy,  in  order  to 
understand  the  oxidation  process.  The  pseudo -function  method  gives  the 
same  answers  to  the  classic  problems,  such  as  the  bulk  modulus  of  Si,  as 
the  other  successful  implementations  of  local  density  theory. 

0.  Phonons  in  alloys 

We  have  developed  the  theory  of  phonons  in  alloys  and  shown  how  to 
treat  correlated  alloys  by  combining  Ising  Monte  Carlo  and  Recursion 
methods . 


E.  Heavily  doped  semiconductor  alloys 

We  have  laid  the  foundation  for  treating  degenerate  Fermi  gases  in 
alloys,  and  including  multi-electron  relaxation  effects  (i.e. ,  infrared 
divergence  phenomena)  in  evaluation  of  their  optical  properties.  While 
our  approach  has  a  way  to  go  before  being  easily  implemented  for 
realistic  models,  it  is  far  ahead  of  its  main  competitor,  the 
renormalization  group  method. 
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F,  Metastable  alloys 

The  electronic  properties  of  Gej^^^Sn^  have  been  worked  out,  as  a 
guideline  for  experimental  groups  attempting  to  grow  these  interesting 
materials.  The  physics  of  order -disorder  transformations  in  metastable 
alloys  such  as  has  been  elucidated  (in  collaboration  with 
K,  E.  Newman)  and  new  materials,  such  as  been 
predicted  as  likely  to  have  interesting  infrared  properties.  The 
relationships  of  random  alloys  with  partially  ordered  phases  (e.g., 
zincblende,  superlattice,  chalcopyrite,  etc.)  have  been  elucidated,  and  a 
basic  quasi -equilibrium  approach  to  understanding  their  electronic, 
vibrational,  and  thermodynamic  properties  has  been  developed. 

G.  Special  points  for  superlattices 

We  have  worked  out  the  special  points  (for  k- space  sums)  for  [001] 
and  [111]  superlattices,  and  have  shown  that  by  taking  advantage  of 
hidden  symmetries  for  certain  superlattice  period- ratios  the  number  of 
special  points  is  comparable  with  the  number  needed  to  obtain 
corresponding  accuracy  for  bulk  zincblende. 

S'  S true ture - modulated  superlattices 

We  have  originated  (we  believe)  the  concept  of  a  superlattice  whose 
adjacent  layers  are  the  same  material  but  with  different  structures,  and 
contrasted  this  type  of  superlattice  with  conventional  composition- 
modulated  superlattices.  An  example  is  a  zincblende/wurtzite 
superlattice  which  is  lattice-matched,  yet  has  very  interesting  topology. 
We  have  calculated  the  electronic  structures  and  deep  levels  in  some  such 
superlattices . 


1*  Fanipi  doping  superlattices 

We  have  developed  the  concept  of  false -valence  doping  nipi 
superlattices.  Such  a  superlattice  could  be  formed  by  uniformly  doping 
PbTe/SnTe  superlattices  with  In.  The  In  is  a  donor  in  PbTe  because  of  a 
false  valence.  It  is  an  acceptor  in  SnTe  because  of  normal  valence. 

(The  relevant  In  occupies  a  Te  site.) 

I*  levels  in  [001]  and  [ 111]  superlattices 

We  have  produced  the  first  comprehensive  theory  of  deep  levels  in 
[001]  and  [111]  III-V  superlattices.  This  theory  elucidates  the  various 
factors  affecting  deep  levels,  sets  forth  the  conditions  for  obtaining 
shallow-deep  transitions,  and  predicts  that  Si  (a  common  donor  making 
GaAs  n-type)  becomes  a  deep  trap  in  GaAs/A^^Ga2^_j^As  superlattices  with 
thin  quantum  wells.  Thus  the  common  n-type  dopant  becomes  a  deep  trap  in 
ultra-small  devices!  These  results  have  bearing  on  HEMT  structures. 

Effects  of  band  offsets  and  applied  pressure  on  deep  levels  in  superlattices 

Since  band  offsets  are  generally  poorly  known,  except  for 
GaAs/A.?^Ga2^_^As  superlattices,  we  have  explored  the  dependences  of  deep 
level  energies  on  the  offsets  --  and  found  them  to  be  small.  We  have  also 
studied  the  pressure  dependences  of  the  electronic  structures  of  and  deep 
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levels  in  superlattices. 

Strain- induced  Type  II  -  Type  I  transitions  in  ZnSe/ZnTe 

We  have  shown  that  by  suitably  choosing  the  periods  of  ZnSe  and  ZnTe 
in  a  ZnSe/ZnTe  superlattice  to  obtain  appropriate  strain  fields,  it  is 
possible  to  drive  the  structure  from  Type  II  to  Type  I.  This  raises  the 
possibility  of  fabricating  blue-green  lasers  from  such  superlattices  -- 
if  the  doping  problem  can  be  solved. 

M.  Si-based  luminescence 

We  have  shown  that  with  novel  combinations  of  superlattice  growth 
direction  (such  as  [111]),  band- folding,  superlattice  periods,  and 
uniaxial  stress,  it  is  always  possible  to  drive  a  Si/Ge  superlattice 
direct  and  make  it  capable  of  emitting  luiuinescence.  We  have  also 
calculated  dielectric  functions  of  such  raicrostructures  to  predict  the 
luminescent  intensities. 
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The  surface  state  dispersion  curves  E(Jc)  of  the  dangling  bond  states 
near  the  fundamental  band  gap,  and  A^,  are  computed  for  both  the 
established  9=27®  model  and  the  recently  proposed  5=7®  model  o:  the 
(110)  surface  relaxation  of  CaAs,  where  S  is  the  surface  bond  rotation 
angle.  Tne  two  models  produce  surface  state  dispersion  curves  that  are 
similar  to  one  another  and  to  the  0.  _a. 


Until  recently  it  was  thought  that  the 
geometrical  structure  of  the  (I 1C)  surface  jf 
CaAs  was  one  of  the  few  semiconductor  surface 
structures  chat  was  established.  The  accepted 
model  was  the  27®  rotation  model  (lt2l:  To  a 
good  approxlxacion,  the  anions  rotate  rigidly 
out  of  the  surface  through  an  angle  of  6=27®. 
This  model  was  established  as  a  result  of 
careful  analyses  of  low-energy  electron 
diffraction  (LEEO)  data,  and,  in  addition, 
provided  a  way  out  of  a  theoretical  dilc’-ma; 
calculations  of  CaAs  surface  states  for 
unrelaxed  surfaces,  5»0®,  produced  surface 
states  in  the  fundamental  band  gap  (contrary  to 
data)  that  recedeo  into  the  valence  and 
conduction  bar.  Is  when  Che  5=27“^’  relaxation  was 
accounted  for  (31. 

Recently,  however,  Gibson  and  co-workers  [^1 
have  suggested  chat  9=7®  nay  be  a  more 
appropriate  relaxation  angle,  based  on  analyses 
of  Rutherford  back-scattering  (RBS)  cata.  Duke 
and  co-workers  have  also  presented  analyses  of 
LF-ED  data  that  Indicate  chat  a  7®  rotation, 
while  not  preferred,  is  acceptable  (5|.  Gibson 
ct  al,  have  stated,  however,  chat  their  data 
right  be  consistent  with  the  9=27®  model , 
orovided  one  allows  for  anomalously  large 
surface  phonon  .inolicrdes. 

With  LF.F.D  and  RRS  analyses  producing  ambiguotis 
interpretations  of  the  data,  we  thought  it  might 
be  useful  to  deternme  if  ere  measured  surface 
state  dispersion  curves  E(n)  (6),  when  compared 
with  theoretical  predictions,  nreferred  either 
the  9«7®  model  or  the  9«27®  model.  Previous 
calculations  of  assuming  tl^e  0^*27®  model, 
were  in  sufficiently  good  agreement  with  the 
data  to  afford  e\planatimns  of  the  principal 

!9S2  PACS  Number:  68.20.+t;  73.20.-r 


experinental  fratures  (7)  (rig. I).  However,  we 
now  find  aualitatlvely  similar  dispersion 
relations  E(k)  for  the  relevant  surface  states, 
for  9*0®,  5*7®,  14®  and  27®  (Fig-  1).  Since  the 
theory  is  only  accurate  to  several  tenths  or  an 
cV  I  Si  ..ear  the  valence  band  maximum,  the 
theoretical  surface  state  disoersion  curves  do 
not  provide  a  means  for  discriminating  with 
confidence  among  the  relaxation  models.  The 
theory  does  predict  that  surface  states  do  fall 


in  the  fundamental  band 

Rap 

for  the 

7°  r.odcl 

[1] 

(Fis.  2  [9i  anrf  Ref.  [lO]): 

0.1  eV 

below 

Che 

conduction  band  edge 

and 

n.i  eV 

above 

the 

valence  band  maximum  — 

but 

these  e 

nergies 

are 

coo  small  In  comparison  with  the  several  tenths 
of  an  eV  theoiecical  uncertainty  to  be 
convincing  proof  of  the  27®  model  over  the  7® 
model. 

Hence  we  conclude  chat  the  agreement  between 
phocoemission  data  and  the  theory  does  not 
provide  strong  evidence  for  or  against  either 
the  9*7®  model  or  the  9*27®  model.  The 
established  0*27®  model  should  be  retaine'  until 
more  conclusive  experimental  evidence  aga  1  •‘st  it 
is  presented. 

Finally.  we  have  been  completing  this 
manuscript,  we  have  received  a  preprint  from 
Mailhiot,  Duke  and  Chang  (11 j,  who  have 
independently  been  studying  this  problem  using 
the  s"me  Hami Itonian  and  comnarahly  accurate 
cheorec ica I  techniques.  Tney  have  und  similar 
results;  however  they  interpret  thc.r  results  as 
providing  stronger  support  for  the  9=27®  model. 
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Fig.  1.  C«lcul«ctd  surfact  ttata  dlaparilon 
curvti  In  eha  gap  (solid  lints)  and  rtsonanc 
vlch  chi  bulk  bands  (docctd  lints )i  assuming  a 
surfact  bond  rocacion  anglt  of  7^,  14^, 

and  27^  for  cht  dangling  bond  (110)  surfact 
states  and  of  GaAs.  Heavy  solid  lines 

represent  the  bulk  band  edges;  the  dashed  lint 
denotes  the  data  of  A.  Huijstr,  J.  van  Laar  and 
T.  L.  van  Rooy»  Phys.  Lett.  65A,  337  (1978)  and 


G.  P.  Wllllaffls,  R.  J*  Smith  and  G.  J»  Lapeyre. 
J.  Vac.  Scl.  Technol.  15,  1249  (1978).  The  C3 
state  is  not  shown  for"T-14°,  because  this  state 
lies  too  close  to  the  0«7®  and  27®  states.  The 
27®  results  are  the  same  ns  those  of  Ref.  (7), 
The  absolute  uncertainty  in  the  theoretical 
predictions  is  shown  by  the  error  bar  at  H 
centered  on  the  data. 


Q 


Fig.  2*  Calculated  energies  of  the  dar. gling  bond 
(110)  surface  states  of  GaAs  (solid  linos  for 
bound  states,  dotted  lines  for  resonances)  ut  T 
(9),  as  functions  of  the  surfaco  bond  rotaefon 


angle.  Tho  results  for  the  C3  state  nro  frotn 
Ref.  (lOl,  and  are  the  valence  and 

conduction  band  edges,  denoted  by  lieavy  solid 

lines. 
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GcTe.  SnTe,  PbTe.  PbSe,  PbS,  a:;D  THEIR  ALLOYS 
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The  orthogonalized  plane  wave  band  structures  of  GeTe.  SnTe,  PhTc.  PbSe, 
and  PbS  are  fit  with  a  nearest-neighbor,  IS-orbital  sp’^d^,  relativistic 
tight-binding  model  that  exhibits  clumical  trends.  The  band  gaps  of 
Ph-j^.^Sn^Te,  Sn^^,,Ge..Te ,  and  Ge-j  ^ .,?b.,Te  alloys  ^re  pr  ,*icted  as  functions 
of  compositions  k,  y,  and  z.  Sowing  of  the  gap  :s  expected  to  be 
substantial  for  Ge^.2?b..Te,  and  either  Sn^...Ge  Te  or  Ge,  Pb^Te  should 
exhibit  a  Dimmock  reversal.  *  ^ 


1,  Introduction 

the  rocksalc-structure  IV-VI  semiconcuccor 
compounds,  such  as  PbTe,^  SnTe,  GeTe,  PbSe,  and 
PbS  all  have  small  band  gaps,  high  dielectric 
constants,  interesting  defect  levels,  and  a 
variety  of  very  unusual  thermodynamic, 

vibrational,  electronic,  and  infrared  properties 
'!].  Exploitation  of  these  properties  for  the 
labrication  of  technologically  important 
cpto-electrcnic  devices  has  seen  partially 
imoecad  oy  an  incomplete  understanding  of  the 
intrinsic  and  extrinsic  electronic  states  of 
tnese  materials.  The  IV^VI's  nave  attracted 
relatively  little  theoretical  attention, 

nowever,,  because  their  eletcronic  b^nd 

structures  are  complicated,  having  large 
relativistic  splittings.  At  first  glance,  it 
-ould  appear  that  the  electronic  states  of  bulk 
cefects  or  surfaces  of  these  materials  can  be 
unoerstood  only  if  one  executes  a  vary  tedious, 
relativistic  theory. 

In  this  paper,  we  show  chat  the  apparently 
complicated  energy  bands  of  the  IV^Vl  cc'-pounds 
can  be  parameterized  by  a  simple  nearest* 

'a)  Per.manent  address:^  Department  of  Electrical 
and  Computer  Engineering,  University  of 
Notre  Dame,  Notre  Dame,  Indiana  ^6556 
c)  Permanent  adcress:  Department  of  Computer 
Science,  Vescern  Illinois  Univi-rsicy. 
Macomo,  Illinois  61^55. 

•  c)  Present  accress:  Theodore  •■Associates ,  Inc., 
10510  Streamview  Court,  Potomac,  .'Jarviar.d 
20S5^ 

?,-,CS  Naxoer:  71  25.Tn 


neighbor  tight-binding  model  Hamiltonian,  The 
parameters  of  this  model  exhibit  chemical  trends 
and  can  be  used  to  predict  the  electronic 
structures  of  alloys  such  as  ?b^,j.Sn^.Te. 
Moreover,  theories  of  defect  energy  levels 'and 
surface  states  in  IV-VI's  can  be  coii.tructed 
using  tnis  simple  Hamiltonian,^  as  we  shall 
demonstrate  in  suosequenc  work. 

2.  Tight-binding  theory 

The  relativistic  Hu.mil toman  chat  produces  che 
energy  band  structures  has  che  form  [2] 

H  -  (?V2m)  +  V  * 

+  .  p*/8ra^c2 

(1) 

where  V  is  che  crystal  potential,  che  spin  orbit 
interaction  is 

^so  “  , 

and  the  remaining  terms  are  che  Darwin  terms  and 
che  relativistic  mass  correction  term  [31. 

Employing  the  loeas  of  Slater  and  Roster  [4], 
Harrison  [5),  Chadi  [6],  and  Vogl  ec  al  [7],  we 
construct  tne  nearest -neighbor  cigne -binding 
Hamiltonian: 

-  H.a.i 

+  |c,  i,<7.S+5>£,.  j<c.  i .ff  ,R+d|  J 
*  ^R.R'.o.i.j  [  ia,i.o,K:-V^  j<c.j 
n  c.l  + 

(~) 
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Table  l.  Keeiesc*neighbor  cighc-bindlng  paraaecers  of  GeTe, 
SnTe,  FbTe.  FbSe,  and  FbS,  as  fit  to  the  band  structure  of  Her/nan 
et  al.  |9] ,  in  4  V.  The  colxasn  labf  aled  GeTe*  refers  to 
Diimoock' reversed  Gr.Te  vith  the  valence  (conduction)  brnd  extremua 
at  Lg*  .Lg**”) .  and  ^  arc  taken  to  be  zero. 


GeTe 

GeTe* 

SnTe 

PbTe 

PbSe 

PbS 

-7.847 

-7.992 

-6.578 

-7.612 

-7.010 

-6 . 546 

-10.974 

-10.855 

-12.067 

-11.002 

-13,742 

,-13.827 

S.c 

1.454 

1.657 

1.659 

3.195 

4.201 

3.456 

S.a 

0.444 

0.250 

-0.167 

-0.237 

-1.47S 

-1.153 

^d,c 

9.08 

9.08 

8.38 

7.73 

8.72 

9.27 

^d,a 

25.65 

26.75 

7.73 

> 

7.73 

11,95 

10.38 

0.505 

0.577 

0.592 

1.500 

1.693 

1.559 

0.447 

0.351 

0.564 

0.428 

0.121 

-0.211 

''s.s 

-0.617 

-0.631 

-0.510 

-0.474 

-0,402 

-0.364 

0.877 

0.788 

0.949 

0.705 

0.929 

0,936 

0.790 

0.876 

-0.198 

0.633 

0.159 

0.186 

'’p.p 

2  189 

2.181 

2.218 

2.066 

1.920 

2.073 

-0.478 

-0.498 

-0.446 

-0.430 

-0.356 

•0.281 

-1.14 

-1.65 

-1.11 

-1.29 

-1.590 

-1.142 

'p.Off 

1.56 

1.78 

0.624 

0.835 

1.45 

1.16 

''d.p 

-1.55 

-1.50 

•1.67 

■1.59 

-1.09 

■1.54 

''d.p,r 

0.976 

0.742 

0.766 

0.531 

0.0497 

0.517 

''d.d 

-3.79 

-3.87 

-1.72 

■1.35 

-1.90 

•1.67 

0.887 

0.892 

0.618 

0.668 

0.692 

0.659 

Table  XI,  Experimental  values  of  the  fundamental  gap  fo 
Snle,  PbTe,  PbSe,  and  PbS  used  in  fitting  the  tight 
parameters  of  Table  I  (in  eV) . 

r  GeTe, 
-binding 

GeTe 

SnTe 

PbTe 

PbSe 

PbS 

0.2* 

0.3^ 

0.186= 

0.165<^ 

0.286'* 

{a)  L.  Esaki,  J.  Phys.  Soc.  Japan,  L966,  589  (Kyoto  Conference 

Supplement},  ratasuremer.it  at  4.2°K. 

{bj  Ref.  [10],  measure:..enis  at  4.2®K. 
jc)  Ref.  (lOJ,  roeasurements  at  12®K. 

(d)  D.  L.  .Mitchell,  E.  D.  Palik,  and  J.  N.  Zemel,  Proc.  Seventh 
Int.  Conf ,  Phys.  Semicond.  ,  1964,  p,  325  (1964),  meas\:r<‘‘:<.ncs  at 
4.2®K. 
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4S3 


PbTe 


Reduced  Wave  Vector 


Fig.  1.  The  energy  baud  structure  in  eV  of 
PbTe,  published  by  Hersan  et  al.  (9)  (dashed)  in 
comparison  with  the  present  work  (solid).  Note 


that  the  zero  of  energy  is  the  valence  band 
maximum  and  that  the  fundamental  band  gap  is  at 
L. 


where  h.c.  means  Hermitian  conjugate,  R  are  the 
rock-salt  lattice  positions  of  the  anion,  i  and 
j  are  the  basis  orbitals  for  the  cacion  and 
anion  respectively,  a  is  the  spin  (up  or  down), 
a  and  c  refer  to  the  anion  and  cation 
respectively,  and  J  is  the  position  of  the 
cation  relative  to  the  anion  in  the  R-th  cell;  d 
-  (aj^/2)  (1,0,0) .  The  spin-orbit  Hamiltonian  is 

"so  -  ^R.o.aM 

*  l|4.J.<r.^‘aLa*Oj<a,J.<7'.R|). 

(3) 

We  use  nine  orbitals  per  atom  in  our  basis, 
each  with  up  and  down  spin:  s,  p  ,  p  ,  p„, 
<i«2.y2,  4332.^,2,  d  d^.j,  d,j^.  Because  or  tfie 
importance  of  r-ie  d^bands  near  the  bottom  of  i:ie 
conduction  band  ac  the  X  point  we  found  it 
necessary  to  include  all  five  d  bands  in  the 
model.  This  appro«ich  is  to  be  preferre<.  over 
that  of  Robertson  (8),  which  included  only  two 
of  the  five  d  orbitals.  We  did  neglect  (i)  the 
somewhat  smaller  couplings  between  the  s 

states  and  the  d  states  and  (ii)  the 

jr-type  bonding  between  d  states. 

The  resulting  36x36  Hamiltonian  matrix  is 
given  in  Appendix  A. 


3.  Determination  of  the  empirical 
Hamiltonian  matrix  elements 

The  parameters  of  this  model  are  listed  In 
Table  I.  They  were  obtained  by  fitting  the 
eigenvalues  of  the  matrix  to  the  energy  bands 
published  by  Herman  et  al.  [9]  (See  Fig.  1) . 
Analytic  expressions  for  the  eigenvalues  at  high 
symmetry  points  were  used  to  make  an  Initial 
guess  for  the  parameters.  Then  a  least- squares 
fit  of  the  parameters  to  the  calculated  energy 
bands  was  performed.  Th t  symmetry  of  the  states 
on  either  side  of  th >  fundamental  gap  was  also 
included  in  the  fitting  procedure.  This  is 
necersary  to  assure  the  Dlmmock  reversal  (10)  in 
the  ordering  of  bands  that  occurs  in  Pb^.j^Snj.Te 
between  PbTe  (with  a  conduction  band  minimum  at 
L^*  and  valence  band  maximum  at  L^*^)  and  SnTe 
(with  the  opposite  ordering).  The  energy  bands 
were  fit  to  the  values  obtained  by  Herman  et  al. 
for  wavevectors  at  the  T,  X,  and  L  points  of  the 
Srillouin  zene;  but  Herman's  conduction  band 
enoi^ies  at  L  were  all  shifted  by  the  sar.e  small 
amount  in  order  to  guarantee  tr.at  t 
fundamental  band  gap  agreed  with  experiment.  The 
resulting  band  structures  are  displayed  in  ,"igs, 
1-5.  The  fit  of  the  band  structure  of  CeXe 
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Scaling  Relation  for  $  *  Levels 


Aioinic  5  Energy  Differenve  (cV) 

Fig.  6.  The  S'orbical  energy  differences  in 
che  solid »  (Table  1)  versus  the  S'orbical  energy 
differences  in  che  acorn  [7J. 


assunes  a  ?bTe*Uke  ordering  of  che  conduction 
and  valence  bands;  above  The 
possibility  exiscs,  however,  that  CeTe*s  band 
scruccure  is  Dimnock* reversed,  as  SnTe's  is, 
vich  being  che  conduction  band  tainimun.  Ve 
denote  Dinaock* reversed  CeTe  by  GeTe*,  and 
obtain  for  ic  che  slightly  different  matrix 
elements  lifted  in  Table  I. 

For  the  parAcncers  of  the  model,  che 
dlfferorces  in  che  diagonal  matrix  elements 
^s.c‘*s.a  *''*  ap?ro>;im»cely 
proportional  to  the  corresponding  differences  of 
atomic  energies.  The  Vogl  constant  of 
proportionality  ^  (7]  is  about  0.65  for  che 
s*scate  and  0.9  for  the  p*scate.  (Sae  Figs.  6 
and  7.)  These  proportionalities  or  scaling  rules 
for  the  matrix  elements  of  che  empirical 
Hamiltonian  allow  the  theory  to  make  sensible 
predictions  of  chemical  trends  for  intrinsic  and 
extrinsic  electronic  states  of  different  IV«VI 
semiconductors , 

Applicacior  to  Alloys 

In  this  section  ve  apply  che  theory  co 
Pb^, j^Sr.  To.  Sn>,^.CeyTe.  and  Ge^^^Pb^Te  alloys 
and  con»pute  thu*ailoy  band  gaps  as  runctions  of 
che  cocposir.'ons  x.  y.  and  t,  using  the  virtual 
crystal  approximation.  Tnese  materials  are 
substitutional  alloys  miscible  for  all 
co.Tpositior.s. 

Pbj,j.Snj.Te  is  an  interesting  alloy  because  the 
band  gap  of  SnTe  is  “inverted”  in  comparison 
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Seating  Relation  for  p  •  Levels 


Atomic  p  Energy  Difference  (e\‘) 

Fig.  7.  The  p'orbital  energy  differences  in 
che  solid,  (Table  1)  versus  che  p-orbical  energy 
differences  in  the  atom  (7). 


w*ith  cho  gap  of  PbTe:  che  fundamental  band  gap 
occurs  with  che  conduction  bind  minimum  being 
che  L^*^  point  of  the  band  structure,  rather  than 
at  che  che  L^*  point.  This  phenomenon  was 
elucidated  by  Dimmock  e:  al,  (lOJ  several  years 
ago,  who  pointed  out  chat  a  level*cross;r.g 
phenomenon  occurs  with  increasing  x  as  the 
bar.d'gap  of  Pb^  ^^Sn^Te  decreases  and  attempts  to 
become  negative.  We  calculate  chat  the  gap 
vanishes  at  x*0,35,  in  good  arreement  vith  the 
experimental  value. 

As  a  function  of  alloy  composition,  this 
OinuDock  reversal  in  Pbx.^Sn^Te  must  undo  Itself 
in  either  Sn^.^CftyTe  or*Ge^. .Pb^Te .  We  predict 
that  che  second^  Dimmock  reversal  must  occur 
either  near  y  *  0.6  in  Sn^^^.Ge^.Tt  or  near 
2  ••  0.3  in  Ce|.,?b.Te.  In  che  fortaer  case.  CeTe 
must  have  che  same  ordering  of  L^  bands  as  PbTe, 
whereas  in  the  latter  case,  CeTe  has  the 
SnTe^like  CeTe*  electronic  structure.  (See  Fig. 
8. )  The  calculations  also  indicate  chat  one 
s.nauld  expecr^  considerable  bowing  in  the 
fundamental  band  gap  versus  alloy  composition 
for  Ce^^jPbjTe.  in  contrast  to  the  lii.aar 
x-depenoenc6  of  che  cap  for  ?b^,,^Sn^Te.  7:. is 
striking  prediction  of  :ne  calculations  is  in 
qualitative  agreemt\nt  virh  the  measurement^  of 
Kikolic  (U,12J. 

We  compute  che  fundamental  band  gaps  of  alloys 
such  as  Pbi  jjSnjjTe  by  diagonal iting  :h» 
virtual -crystal  { 13  J  empirical  tight -oindii,^ 
Hamiltonian.  Tne  covalent  radii  o:  and  S. 
differ  by  so  lictle  (»  4.1)  and  all  o:  tne 
Hamiltonian  matrix  elements  of  phTe  and  SnTe  arc 
sufficiently  similar  that  a  virtual  crystal 
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Fundamental  Gap  vs.  Alloy  Composition 


PbTe  SnTe  GeTe  PbTe 


0.25  0.50  0.75  0.25  0.50  0.75  0.25  0.50  0.75 

X  y  2 

Alloy  Composition 


X  y  z 

Alloy  Composition 

Fig.  8.  The  calcula:*-!  band  gaps  and  and  s.  The  lero  of  energy  la  the  band  excreniua 

Lg’  band  edgei.  of  ?b^,j.Sn^Te,  Sn|^yCeyTe,  and  The  hacched  area  is  :he  gap.  (a)  For  ordinary 

Ce^,2?b,Te  versus  alloy  coreposirlons  5;,  and  GeTe;  (b)  fj-  Dir.^ioch- reversed  CeTe'?  (see  rexr). 


approxlraaclon  zo  che  raacrix  elemencs  of  adequace  for  reproducing  chemical  crends. 

^bi.>;Sn^Te  is  approprlace  for  scares  near  che  including  che  Di.r.c.ock  banc  reversal  phenomenon 

fundamental  bend  gap  (lb;:  >'ne  diagonal  in  ?b«,j^Sn^Te.  Therefore,  ic  should  'provide  a 

Hamilconian  matrix  elemencs  of  Pb^.^Sn^.Te  are  sacisraccory  starting  point  for  general  tr.&ories 

(l*x)  times  the  PbTe  elemencs  plus  x  times  che  of  localised  electronic  states  these 

SnTe  matrix  elemencs  (1^).  The  off*dlagonal  very  small  band-gap  materials,  such  as  ’deep 

matrix  elements,  multiplied  bv  che  square  of  che  craps*  (IS!  or  surface  states.  Subsequent  wort: 

lattice  constant  (S),  are  Si.milarly  averaged,  will  use  this  Hamilconian  to  stucy  a  \<iCw 

using  Vegard's  Lav  for  che  lattice  constant.  The  variety  of  proolems  involving  localited 

band  eeges  of  Tig.  3  were  eigenvalues  obtained  electronic  states  in  IV-V!  semiconductors, 

by  diagonalizing  this  .Hamiltonian  for  a 
vave vector  at  the  L- point  of  che  Srlllouin  zone. 
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APPENDIX  A:-  The  36x36  Harailconian  niacrix  vhere  we  have 


The  basis  sec  for  che  36x36  Hamiltonian  is:' 


1  s .  c ,  t> , 

ls,c,i>,  |s,a 

.  t>,  |s ,a, i> 

ip„.c.f>. 

IPx.c.‘>- 

|p^.a.t>. 

IPv.*.’>. 

IPy.a.l>. 

ip;.«.<>. 

|d2.c.t>. 

|d5.c,f>. 

|d4.c,t>, 

|di.c.i>, 

|d2.e,»>. 

|dj,c.»>. 

|o5.c,4>, 

)c- .a , T>, 

Idj.a.t', 

|d4,a.T>. 

jd^.a.T^, 

I  di  ,  a  1 4 ^ , 

Id3.a,i>. 

Id^.a.O,  and 

0. 

••1 

V 

Py.c,i>, 
pi.s. t>. 
d][.c,r>, 
d5.c,T>. 
d4.c,i>, 
dj ,a, t>, 
(^2  > ^ 


where  we  have  di  »  ‘*x*-y*‘  '*2  “  ‘*3r*-r*‘  ‘*3"'*xy' 
<J4“dyj.  and  dj-d.^.. 


«3 


and 


”4 


■  •28i''s,p 
•282''s.p 
-  •283''s.p 


0 

0  •2g2''a.p 

-0  •283''s.p  -  • 


The  Hamiltonian  can  be  written  in  block  fom 
as  follows  (only  the  lower  triangular  part  of 
:he  Hamiltonian  is  given  since  it  is  Hernician): 


5,5 

pc.s 

”pc.pc 

W>5 

V.pc 

”pa.pa 

) 

0 

^dc.pa 

^dc ,dc 

) 

*^da.pe 

0 

^da.dc 

5  is  a  Hermitian  4x4  matrix  which  connects 
5*state5  CO  s-states: 


E 


s.c 


Hpc  pc  Hermitian  matrix  with  all  che 

diagonal  elements  equal  to  Ep,c*  other 

non* taro  matrix  elements  in  che  lower  triangular 
region  are: 

<p  .c,t|  H  |p^,c,t>  -  i  lg/2. 

<p;.c.M  H  |Pj.,c.t>  -  Ag/2, 

<Pi,c.M  H  lPy.c.t>  -  i  Ag/2, 

<Px.c.M  H  lpi.c.t>  - 
<PvC*M  H  !pr.c.T>  -  *iA^/2. 
and-^ 

<Py.c,M  H 

H-^  is  a  6x6  Hermitian  matrix  of  che  same 
form  as  but  with  che  diagonal  elements 

equal  co  j'and  che  ocher  non«2ero  elements  as 
above  wich^A^  replaced  with 

H  is  a  diagonal  6x6  matrix  with, 


»s 


So'’s5  3 

0  SoVj.s  0 


<?);•*•’  I  **  IPX'*'*^  “  'S  X 

<Pv.a-’l  H  Ip"  .c.l>  - 

<p^.a.»|  H  |pi.c,t>  -  Vj|' 

<Pv.».*l  H  |p".c.»>  -  \V‘“ 

<p:;.4.Ji  H  i?y.c,i>  -  V^.' 

<pi.4.»|  H  Ipi.c.J?  -  V.’i 


and  K, 


pc ,  s 


‘*pc.s 


can  be  written  as: 

0  Hi 

0  H. 


vnere  ue  have 


*®rp .  s 

•282''p.a 

’^Ss'p .  s 


'^x.x**  2(g5-*’g5)  ^’p,pK 

^’y.y*  "S3^.p  ^  2(g4+g6)  Vp  p, 

^2,2“  p  2(g4*»’g5)  ^^p^pw 

^da  pc  wriccen  in  block  form  as- 

f«5  0  1 


Suoerlattices  and  Microsiructures.  Vo!  2,  No  5,  1S86 


499 


where  is  che  5x3  macrix. 


0 

^I'^'p.d 

^2^  p ,  d 

•-S3'V.d 

•2S2Vp.d. 

•2g]^Vp  ^ 

0 

0 

■  283  ^  dw 

0 

*2SlVp,dm 

H^c  oa  wish  V  ^  ar.d 

'°'l  '^d,p  '^d.ps 

^da  dc  ^  10x10  marrix  vich  only  four 

non«2ero  off-diagonal  elements.  The  diagonal 
elements  are:> 

<dj^.a,Tj  H  |d|^,c.T>  -  <d^,a,ll  H  ld3^,c.:> 

-  3/2  (g4^&5)^d,d  ^2s5+S4/2+g3/2)Vj^^^ 

«io,a,t|  H  j d2 ,c, T>  -  <d2 ,a, i I  H  |d2,c,i> 

-  V2  (84+85)  Vj  (2s6+S4/2+£5/2)Vd,d 
<d2,a,Tj  H  |d2,c,T>  -  <d2,a,ij  H  |d2.c,i> 

“  2  (84+85)  ^d.dK  2  86  '^i,ds 
<d^.a.t|  H  |d4,c, t>  -  <d^,a. t I  H  |d4,c,i> 

"  2  (S5+S6>  ^d.dit  *  2  84  '^i,dS 
«i^,a,rl  H  jdj ,c , t>  •  <63 ,a, i j  H  ld3,c,i> 

2  '**  -  S5  ^^c,d5  ■ 

The  non- zero  off-diagonal  elements  are  all 
equal: 

<dj^,a,T|  H  Ido  ,c,  t>  -  <d2,a,  1 1  H  jCi,c,T> 
-<dj^,a,;|  H  |d2.c.;>  *  <d2.a.M  H  |djL,c,i> 

-  (JV/2  (85-84)  (Vdd  •  '•’d.dJ> 

where  ve  have 

5o^^)  -  2[cos(kj^aj^/2)'^cos(k.^aw'2Ucos(V:7aiy2)  ]  . 

x)  -  i  sin<k  .aj^/2) , 
goCii),  -  I  sin(kYa|_/2) , 
i3(k)  -  1  sin(k,a,y2), 

5^(k)  -  cos (ky 4^/2). 


g5(k)  -  cos(kya+^/2) . 
and 

S3(k)  -  cos(k,a,y2). 

The  parameters  s  *  ^s  p  '■p  d  co-^‘espond 
to  the  integrals  (ssa)  '  tspo)  ,  (pdo)  in  Ref. 
1^1  • 

^  and  ^  are  both  10x10  diagonal  matrices 
whose  elements  are  ^  and  ^  respectively 
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The  doping  characters  of  vacanci#/s.  th«  existence  of  ispuricy 
resonances.  Feml' level  saturation  and  de'S«'«  curat  ion.  the  sensitivity  of 
the  resonances  to  host  chenistry,  the  behavior  of  In  as  both  a  donor  and 
an  acceptor  in  occurrence  of  other  apparently 
anomalous  valences  ox  impurities  in  !V-VI  semiconductors  are  shovn  to  be 
sinplc  and  direct  consequences  of  a  covalent  defect  tlieory.  vich  several 
of  the  important  defects  necessarily  assigned  to  "incorrect"  or  "anti" 
sites. 


In  this  paper  ve  present  a  simple  chemical 
theory  ot  s-  and  p-bonded  substitutional  point 
defects  in  PbTe  and  ?bj^^„Sn2.Tc  which:  (i) 

Corroborates  experimental  evidence  flj  and  the 
predictions  of  Frart  and  Parada  [2]  (confirmed 
by  Hemstreec  |3))  that  cation  vacancies  are 
double  acceptors  while  anion  vacancies  are 

double  donors:  (11)  ''aturally  produces  resonant 
defect  levels  near  the  fundamental  band  gap 
("nearb)'  resonances")  that  can  limit,  pin,  or 
saturate  the  bulk  Fermi  energy  so  that  Increased 
doping  beyond  a  critical  value  does  not  normally 
increase  the  Fermi  energy  (Experimentally  this 
Fermi -level  satur«ition  has  been  inferred  from 
"saturation  anomalies"  in  the  Hall  coefficient, 
the  Shubnikov  de  Haas  effect,  and  many  ocher 
effects  (1.^).);  (iii)  Also  predicts  resonant 
levels  further  away  from  the  gap.  termed 
"distant  resonances"  (e.g.,  associated  with 
Column- I  or  -VII  impurities  (l.6|)  that  can 
de- saturate  the  Fermi  level  and  overcome  the 
saturation  anomalies  (as  observed  in  in/I-  and 
doped  PbTe  I  i  .  5  ] ) ;  ( iv>  E:%plains  why 

defects  in  different  hosts  have  quite  different 
Fermi- level  saturation  energies  (1,4};  iv) 
Explains  why  some  impurities,  such  as  In  (or 
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ether  Column- III  impurities),  can  be  donors  in 
PbTe  but  acceptors  in  Sr.Te  fl.4];  (vi)  Suggests 
that  ancisite  defects  and  impurities  or*  the 
"incorrect"  site  are  common;  and  (vii)  Shows  why 
PbTe,  with  Its  large  dielectric  constant  (that 
should  almost  fully  screen  Coulomb  effects) 
nevertheless  appears  to  support  different  ionic 
valence  states  of  ?b:  divalent  Pb^*'’  and 
tetravalent  Pb’*'*’. 

The  central  idea  of  the  theory  is  that  s-  and 
p-bor«ded  defects  each  produce  one  s-like  and 
three  p-like  "deep"  levels  with  energies  in  the 
vicinity  of  the  fundamental  band  ~ap.  These 
levels  are  absent  in  the  conventional 
effective -mass  picture  of  impurity  levels. 
Consider  a  Cd  impurity  on  a  Pb  site  in  PbTe.  One 
can  imagine  creating  this  impurity  in  three 
steps:  (i)  add  two  holes  to  PbTe,  to  account  for 
the  difference  in  the  number  of  valence 
electrons  between  Cd  and  Pb;  (ii)  add  two 
negative  nuclear  charges  to  the  Pb  nucleus  on 
the  impurity  sice,  again  to  account  for  the 
valence  difference,  and  (iii)  adjust  the 
potential  in  the  impurity  central -cell ,  so  that 
the  Cd  potential,  not  the  Pb  potential,  is 
present  at  the  impurity  sice.  (That  is,  turn  on 
the  "defect  potential"  which  reprrsencs  the 
difference  between  the  potentials  of  ' :l  and  Pb.) 
The  first  two  steps  are  implc  .*d  in  an 
ordinary  effective -mass  theory  c*  shallow 
impurity  levels  (6j,  and  do  not  procucc  strong 
impurity  resonance  levels.  The  third  step,  i.e., 
the  introduction  of  the  central -cell  .Icfcct 
potential,  has  two  effects,  (a)  a  slighi  shift 
of  the  shallow  impurity  levels  tine  shift  is 
small  because  very  little  of  the  riectiw-mass 
wave- function  lies  within  the  central-ce) ,  and 


^3 


<b|  Che  pio^uezicn  of  s*  asid  p*tikc 
levels  {often  resonant  I  associated  with  the 
^fttttbed  chnical  bonds  betwei^  the  ie|>urity 
and  the  host,  nose  effeccive^Mss  'theories  do 
'Mt  include  the  effect  (b).  In  IV-Vl 
SMiconduetdrs  the  static  dielectric  constants 
are  very  lar^e  (<  •  10^  in  ^Te  (1]).  and  so  all 
of  the  Coulonb  effects  are  alnost  fully  screened 
and  negligible.  Hence  the  doninant  inimricy 
effect  in  IV^VI's  is  t|ie:  production  of  energy 
levels  associated  with  "the  perturbed  bonds. 
Because  the  fuadanental  band  gaps  of  1V*VI 
semiconductors  are  so  snail.,  aost  of  chose 
energy  levels  lie  outside  the  gap  and  are 
resonant  with  either  the  valence  or  the 
conduction  band  —  levels  ve  cem  *deep.* 
because  they  are  due  to  the  central* cell 
potential  {7.8]. 

To  understand  the  physics  of  these  deep 
levels;  consider  first  neutral  defects‘'{9|  on 
the  anion  site  of  PbTe  (rig.  1).  Begin  with  the 
sinplest  defect.  Te.  chat  is.  no  defect  at  all. 


Rb  Cd  tn  Sn  Sb  Te  I  Xe 
0  I  II  III  IV  V  VI  VII  VIII 


Fig.  1.  Predicted  energy  levels  and  their 
electronic  occupancies  for  neutral  anion* sice 
Rb*Row  substitutional  defects  in  PbTe. 
denotes  the  anion  vacancy,  which  can  be  thought 
of  as  originating  from  Column*0  of  the  Period 
Table.  The  Columns  of  the  Periodic  Table  label 
the  lower  part  of  the  figure.  Typically  the 
levels  are  ordered  with  increasing  energy:  s, 
Pl/2*  P3/2’  “l®ctrori5  in  levels  above  the 

conduction  band  minimum  decay  to  the  Fermi  level 
(which,  for  otherwise  perfect  PbTe  is  the 
conduction  band  minimum).  Holes  in  the  valence 
band  bubble  up  to  the  Fermi  level  (valence  band 
maximum).  Hence  is  a  double  donor. 

Electrons  (holes)  are  denoted  by  closec;  circles 
(open  triangles).  Electrons  chat  originate  from 
higher  levels  appear  at  the  top  of  the  diagram 
for  I  and  Xe.  The  dotted  lines  between  defect 
levels  emphasize  the  chemical  trends  across  the 
Row  of  the  Periodic  Table.  A  level  plotted  off 
the  scale  Is  meant  to  suggest  that  .sjch  a  level 
exists  outside  the  window  of  the  diagram. 


Because  Te  is  s*  p*bor:ded  we  can  think  of  ii 
as  having  various  sulciplecs  of  s  a^  p  *!«,  'els'* 
that  are  *hroad  resonances*  **  that  is.  the 
various  hands.  Gne  such  sniltiplet  of  s  and  p 
levels  is  the  valence  band.  So  we  can  think  of 
the  Te  "*iaipufity*  as  having  s  and  p  *dc*? 
levels*  that  lie  resonant  with  the  valence  band. 
mich  is  generally  acknowledged  to  have 
primarily  Te  p*character  with  sose  s*charac ter 
{2.101 .  (Of  course,  the  six* fold  degenerate  p 
levels  are  split  by  the  sp:n*orbit  interaction 
into  a  four*  fold  degenerate  Pjy2  ^ 
two* fold  degenerate  ?iy2  ^®*^*1*  **  shown  in  the 
figures.) 

fJow  Isagine  continuously  converting  Te 
successively  into  the  ocher  Row- 5  elezents  Sb. 
Sn,  In.  Cd.  Rb;  and  a  vacancy.  J{o*.*ing  to  the 
left  in  the  Periodic  Table  corresponds  roughly 
to  all  of  the  follovinic  equivalent  operations: 
(1)  increasing  the  atonic  energy  le*.*eXs  of  the 
defect:  (ii)  increasing  the  strength  cf  the 
defect  potential:  and  (lii)  decreasing  the 
electronegativity  of  the  defect.  (A  vacancy  can 
be  thought  of  as  an  atom  with  very  large  atomic 
energies  **  so  large  chat  the  *aton*  is 
conpletely  out  of  resonance  with,  and  does  not 
couple -to.  its  neighbors  {11).)  Therefore  as  -ne 
moves  to  the  left  in  the  Periodic  Table,  thc:*e 
deep  levels  move  up  In  energy.  The  deep 
resonances  also  become  narrower,  as  the  defect 
moves  out  of  resonance  with  the  host. 

Pratt  and  Parada  showed  that  the  Te* vacancy, 
which  corresponds  to  **  Column -zero*  of  the 
Periodic  Table  and  a  strongly  repulsive  defect 
potential,  has  Its  p* levels  above  the  conduction 
band  edge.  Thus,  somewhere  between  the  Te 
*defecc"  (Column*VI)  and  the  vacancy  (Coliuan-0). 
the  p- levels  of  the  valence  band  cross  the  gap 
into  the  conduction  band.  Our  calculations  for 
PbTe,  which  reproduce  the  well -accepted 
Pratt-Parada  result  for  the  vacancy  (also 
obtained  by  Hemstreet)  Indicate  that  the 
p*levels  cross  the  gap  near  Column- J II  (Fig.  1). 
Similarly  the  s- levels  cross  into  conduction 
band  as  well  (again  a  feature  of  the 
Pratt-Parada  theory,  Hemstreet* s  work,  and  the 
present  computations  for  the  Te-vacancy);  with 
our  calculations,  the  crossing  occurs  be: ween 
the  vacancy  (Column-O)  and  Column- 1.  ?«ote  that 
the  basic  structure  of  the  theory  displayed  in 
Fig.  1  is  a  consequence  of  continuity  and  the 
well -accepted  Pratt-Parada  theory  of  the 
vacancy.  The  only  features  of  the  results  that 
depend  on  the  Row  of  the  Periodic  Tabic  or  on 
any  quantitative  theoretical  factor  are  the 
strengths  of  the  defect  potential  (or. 
equivalently,  Che  Columns  of  the  Periodic  Table) 
at  which  the  s-  and  p- levels  crosr  the 
fundamental  band  gap. 

A  similar  analysis  of  Che  Pb-sitf  b-gins  with 
Che  Pb  "defect"  on  the  Pb-site  which  has  an 
s- level  in  the  valence  band  and  p- levels  in  the 
conduction  band  (Fig.  2):  the  conduccior  bar.J  is 
largely  Pb  p-llke  and  the  Pb  s  states  lies  in 
the  valence  band  {2,10J.  .Haking  the  detect  more 
electropositive  (going  from  Column- IV  to 
Coltimn-0)  drives  these  levels  uj*  in  energy  until 
eventually  the  s-levcl  cr -s »es  into  the 
conduction  band  (between  Co'.  *n-0  and  Column- 1) 
CO  form  the  deco  levels  of  ch*  vacancy.  Ma'<ing 
the  defect  electronegative  drives  the  levels 
down,  so  that  the  p- levels  ultimately  drop  .nto 
the  valence  hand  For  the  Pb-row  vf  rhe  Perfodlc 
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Cs  Hg  Tl  Pb  Bi  Po  At  Rn 
0  I  II  III  IV  V  VI  VII  vni 


Fig.  2.  Defect  levels  of  caclon-sice 
subsclcuclonal  defects  in  PbTe  for  the  Cs^Row. 
denotes  a  cation  vacancy. 


Alloy  Composition  x 
PbTe  SnTe 


Table,  our  calculations  indicate  that  the 
p- levels  cross  the  gap  to  the  right  of 
Column- VI II. 

The  consequences  of  this  simple  picture  of 
level  movement  with  defect  potential  strength 
arc  considerable.  Consider  first  an  "antisite" 
In  atom  on  a  Te  site.  It  produces  a  donor  in 
PbTe  (12),  with  its  "deep"  p  states  forming  a 
nearby  conduction-band  resonance  in  both  the 
theory  and  the  data  (13).  Furthermore  the  p 
states  arc  split  into  a  doublet  of  P3/2  Pl/2 
levels  by  relativistic  effects  (l^j;  such  a 
doublet  has  been  observed  for  Ga  (13),  which  is 
predicted  to  have  a  very  similar  level  structure 
to  that  of  In  (Fig.  1).  The  resonant  In  states 
lead  to  saturation  of  the  Fermi  energy:  once  the 
concentration  of  free  electrons  is  so  high  that 
the  Fermi  energy  coincides  with  the  p-resonance, 
the  previously  unstable  resonance  becomes  a 
stable  electronic  state  capable  of  holding  six 
electrons  per  In  atom  (three  more  than  In  itself 
provides)  and  the  Fermi  energy  cannot  move 
higher  until  these  In  resonant  levels  are 
completely  filled  by  electrons  from  some  ocher 
donor  with  a  still  higher  resonance  level,  such 
as  Cdj.^  or  iodine  on  either  site  (Figs.  I  and  2 
(16)).  The  energies  of  the  p  resonances  with 
respect  to  the  valence  band  edge  are  sensitive 
to  Che  hose  and  appear  to  pass  through  the  band 
gap  into  the  valence  band  as  a  function  of  alloy 
composition  x  in  Pbj^^j^Sn^Te  (Fig.  3).  Once  the 
levels  arc  in  the  valence  band  and  below  the 
Ferni  energy.  In  becomes  an  acceptor,  as 
observed  (1,4,17).  The  levels  resonant  with  the 
conduction  band  of  PbTe  occur  naturally  in  the 
theory  for  the  In^^,  defect,  and  appear  to  move 
down  through  the  gap  as  the  Sn  concent  of  the 
host  is  increased  --  in  excellent  agreement  with 
the  data  (1.4)  (Fig.  3).  At  the  same  time,  Che 
Pbij^SOj^Tc  gap  undergoes  a  Oimmock  reversal 
(I8,l9)*.  We  cannot  explain  these  data  for  the  In 
resonance  with  "normal-sice"  In;  with  ancisite 
In.  the  explai.^cion  is  simple  and  natural. 


Fig,  3.  Energies  of  the  theoretical  conduction 
band  and  valence  band  edges  (hatched)  and  In^^ 
defect  levels  In  Pbj^.j^Sn^Te  versus  alloy 
composition  x,  compared  with  the  data  (circles) 
of  Refs,  (1)  and  (4). 


The  provocative  suggestion  that  In  (as  well  as 
Ga  and  Ai)  occupies  a  Te  sice  when  it  produces  a 
resonance  in  the  PbTe  conduction  band  receives 
support  from  the  fact  chat  Cd's  tendency  to  be  a 
donor  in  PbTe  is  also  incompatible  with  its 
occupying  a  Pb  sice  exclusively,  as  can  be 
demonstrated  without  a  calculation:  The  p  deep 
levels  of  Cd  on  the  Pb  site  are  unquestionably 
resonant  with  the  conduction  band  and  CJ's  deep 
s  level  can  conceivably  lie  either  in  the 
valence  band,  in  the  gap,  or  In  the  conduction 
band.  In  any  case,  this  level,  which  contains 
two  electrons  for  the  corresponding  Pb  atom  on 
the  cation  site,  can  be  thought  of  as  having 
chose  two  electrons  removed  on  account  of  the 
valence  difference  between  Cd  and  Pb.  If  the 
level  lies  in  the  valence  band  (20),  the  two 
holes  bubble  up  to  the  valence  band  edge,  making 
Cd  a  double  acceptor.  If  the  s- level  lies  In  the 
gap,  Cd  Is  a  deep  crap  for  two  electrons.  If  the 
s- level  is  above  the  conduction  band  edge,  Cd  is 
electrically  inactive:  neither  a  donor  nor  an 
acceptor.  In  any  case,  ^  £2  £  site  cannot  be 
a  donor.  This  result  is  independent  of  any 
calculation. 

In  our  model,  we  calculate  the  Cd  s- level  to 
He  in  the  valence  band  (similar  to  Hg  in  Fig. 
2),  making  Cd  a  double  acceptor  on  the  Pb  site. 
Thus  the  observation  of  donor  action  as  a  result 
of  Cd  doping  indicates  that  Cd  is  not  on  its 
"normal"  site  and  is  compelling  evidence  that 
either  "antisite"  Cd  (on  the  Te  sire)  or 
interstitial  Cd  (3)  commonly  occurs.  One 
provocative  consequence  of  Che  theory  presented 
here  is  chat  "ancisite"  impurities  are 
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rel<icively  comnon  and  responsible  for  several  of 
Che  striking  experinental  observations:  for 
exsnple,  the  theory  cannot  explain  Che 
Femi* level  saturation  data  for  In.  Ca.  or  Ai 
vichouc  assuiring  that  chose  impurities  occupy  Te 
sices. 

The  predicted  electronic  occupancies  of  the 
various  levels  (assuming  otherwise  perfect  PbTe) 
arc  also  shown  for  neutral  defects  in  Figs.  I 
and  2,  They  arc  obtained  by  adding  electrons  or 
holes  to  account  for  the  valence  difference 
between  the  impurity  and  the  host  atom  It 
replaces.  For  example,  to  simulate  Cd  on  a  Te 
sice,  one  adds  four  holes  to  the  p-levels.  This 
leaves  a  doubly  occupied  ?i/2  level  resonant 
with  the  conduction  band,  which  is  unstable  if 
it  lies  above  the  Fermi  level;  hence  the 
electrons  in  the  Pl/2  defect  level  of 

otherwise  perfect  PbTe  decay  to  the  conr^uction 
band  minimum,  making  Cd  on  the  Te  sice  a  double 
donor.  Thus  we  suspect  chat  "ant is ice” 
impurities  are  common  in  PbTe  and  ocher  IV-VI 
semiconductors  and  that  significant 

concentrations  of  Cd  acorns  on  Te  sices  will  be 
observed  in  E.XAFS  and  magnetic  resonance  studies 
of  Cd  in  PbTe. 

Defects  on  the  anion  sice,  such  as  Cd,  that 
cause  levels  derived  from  the  host  Te  atom  to 
cross  the  fundamental  band  gap  (20)  exhibit 
"abnormal”  doping  behavior:  they  do  not  obey  the 
usual  valence  rules  of  effective-mass  theory. 
Therefore  Cd  is  a  double  donor  on  the  Te  site, 
whereas  effective-mass  intuition  would  have 
predicted  it  to  be  a  quadruple  acceptor.  This 
difference  in  predictions  of  six  is  due  to  the 
fact  that  six  spin-orbital  levels  have  crossed 
the  gap  (20 1  during  Che  conversion  of  Te  into  Cd 
(Fig.  1).  In  the  case  of  the  Te  vacancy,  which 
has  six  fewer  electrons  chan  Te,  both  the  s  and 
p  levels  of  Te  cross  the  gap,  and  six  of  the 
eight  electrons  in  those  levels  for  Te  are 
removed  to  form  the  vacancy;  the  two  remaining 
electrons  decay  to  ch  'jonduccion  band  edge, 
making  the  Te  vacancy  .  ibnormal  double  donor. 

Such  abnormal  doping  behavior  commonly  occurs 
(theoretically)  in  IV-VI  semiconductors  for 
Impurities  chat  lie  a  few  Columns  distant  In  the 
Periodic  Table  from  Che  host  atoms  they  replace. 
Therefore,  if  the  apparent  valence  of  an 
impurity  in  a  IV-VI  semiconductor  does  not  agree 
wict,  the  expectations  of  effeccive-r-xss  theory, 
one  should  first  examine  the  possibilities  that 
the  doping  is  abnormal  (apparent  valence 
differing  from  the  effective-mass  values  by  two, 
four  (21J,  or  six)  or  that  the  impurity  Is  on 
the  "incorrect”  or  "anti"  site. 

With  a  dielectric  constant  of  <  «  10^,  PbTe 
cannot  support  defects  that  arc  strongly  ionic 
within  Che  unit  cell.  Charged  impurity  states 
can  exist,  but  much  of  the  charge  wi  1 1 
necessarily  lie  in  parts  of  the  defect 
wave- function  that  are  distant  from  the  central 
cell.  Therefore  impurities  are  not  properly 
viewed  as  being  in  ionic  states  and  the  oft-used 
terminology  that  an  impurity  replaces  either 
divalent  or  te trnvaienc  Pb  is  inappropriate 
Invariably  su-h  terminology  is  used  to  explain 
away  abnormal  doping  behavior  within  an 
effective -mass  picture:  the  deficient  valence  is 
introduced  to  account  for  a  state  that  has 
crossed  the  gap. 


The  theory  makes  the  following  predictions  for 
Te-sice  defects:  Colum*i-I  and  -II  impurities  on 
a  Te  site  are  abnormal  single  and  double  donors, 
respectively.  Column-Ill  impurities  are  mixed, 
with  B  a  normal  triple  acceptor,  and  with  Af. 
Ca.  and  In  abnormal  triple  (12]  donors.  In  all 
cases,  the  relevant  P3/2  level  lies  near  the 
band  gap,  in  the  valence  band  for  B  and  in  the 
conduction  •  band  for  Ai,  Ca,  In,  and  Ti. 
According  to  the  theory.  Column- IV,  -V,  *VI, 
-VII,  and  -VIII  (except  He  (22 j)  impurities  are 
all  normal  on  the  anion  site,  producing  double 
acceptor,  single  acceptor,  Isoelectronic  center, 
single  donor,  and  double  donor  behavior. 

On  the  cation- site  the  Pb  vacancy  is  an 
abnormal  double  acceptor,  while  alkali 
impurities  and  Column- I I  defects  arc  normal 
triple  and  double  acceptors.  Columns  III,  IV, 
and  V  produce  normal  single  acceptors, 
isoelectronic  centers,  and  single  donors, 
respectively  --  except  for  N,  which  is  predicted 
to  be  a  quintuple  acceptor,  and  possibly  C, 
which  is  predicted  to  have  a  deep  ?\/2 
slightly  above  the  conduction  band  edge  (but,  if 
this  level  actually  were  to  lie  In  the  gap.  it 
would  be  capable  of  crapping  two  electrons)  Two 
po.<sibllities  are  predicted  for  chalcogens  on  a 
Pb  site  in  PbTe:  S,  Se,  Te,  and  Po  should  be 
normal  double  donors;  but  both  the  P3/2  ^1/2 

levels  He  below  the  valence  band  maximum  for  6. 
making  it  a  quadruple  acceptor.  F  is  an  abnormal 
triple  acceptor  with  all  of  Its  s-  and  p- levels 
in  the  valence  band,  while  the  theory  places  the 
pw2  level  of  Cf  in  the  valence  band,  making  CS 
a  single  donor,  and  the  pj^/2 

band  gap  (a  single  donor  and  a  deep  hole  trap) 

I  and  AC  are  normal  triple  donors.  Th( 
substitutional  rare  gas  defects  are  generally 
abnormal:  double  acceptors  (Ne.  Ar) ,  deep 
traps  (Kr) ,  or  double  donors  (Xe).  Rn  is  normal: 
a  quadruple  acceptor. 

The  theory  in  its  present  form  r.jkes  no 
predictions  concerning  the  solu*)iiicy  of 
specific  impurities  at  particular  sices. 
Nevertheless,  as  we  have  shovTi,  the  theory's 
predictions  of  levels  often  can  be  reconciled 
with  data  only  if  the  impur *  ty  occupies  a 
specific  sice.  The  model  Is  based  on  a  simple 
empirical  sp'^d^  tight-binding  theory  (lOj 
applied  to  IV-VI  semiconductors  following  ideas 
of  Vogl  [23]  and  HJalmarson  (7)  for  III-V 
semiconductors.  Charge -state  splittings  (which 
should  be  negligible)  and  lattice  relaxation 
(which  may  shift  levels  as  much  as  tenths  of  an 
eV)  have  been  omitted  in  order  to  displav  the 
chemical  trends  of  the  defect  levels  simply  and 
generally.  The  model's  predictions  are 
remarkably  insensitive  to  alterations  of  the 
model,  and  will  ho  compared  with  data  in 
subsequent  work. 
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A  classicaLweil  or  superlattice  structure  can  enhance  luminescence  by  impeding  energy 
transfer  to  killer  centers. 


In  this  paper  we  show  that,  under  certain  conditions,  a  superlattice  structure 
or  a  classical-well  structure  can  enhance  the  low-iemperature  luminescence  of  a 
material  by  impeding  exciton  transport  to  non-radiative  killer  centers  [1.2.3]. 
(Wolford  el  al.  have  shown  that  alloy  fluctuations  have  a  similar  effect  on 
energy  transfer  in  the  GaP:  N  system  (3).) 

The  basic  idea  is  that  the  superlattice  or  classical-well  introduces  barriers  to 
exciton  migration  in  one  of  the  three  dimensions  and  therefore  increases  the 
effective  mean  distance  from  the  exciton  to  the  nearest  accessible  non-radiative 
recombination  “killer’*  center  (fig.  1).  This  exciton  confinement  effect  reduces 
the  non-radiative  recombination  rate  of  excitons  and  therefore  increases  the 
luminescent  yield. 

To  see  that  such  an  effect  must  exist,  consider  a  lattice  with  N  traps 
(non-radiative  recombination  centers)  dispersed  in  three  dimensions  with  den¬ 
sity  (the  mean  distance  between  traps  is  of  order  D),  TTien  consider  a  slice 
of  this  lattice  of  thickness  D,  The  mean  distance  between  traps  in  this  slice 
is  of  order  D{D/\)^^^,  larger  by  a  factor  (Z)/A)*^".  As  A  becomes  small  in 
comparison  with  D,  the  distance  from  an  exciton  to  a  non-radiative  trap  in  the 
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Fig,  1.  A  ,^chematic  one-elcciron  diagram  of  a  classicaNwel)  siruciure  (energy  versus  position).  The 
large  band-gap  layers  form  the  confinement  well  in  the  material  of  band  gap  An  cxciton 
(propeller)  diffuses  (arrow)  to  the  nearest  accessible  killer  center  (double  lines)  through  othc 
impurity  levels  (solid  lines).  Killer  centers  m  the  barrier  arc  macces.sible  either  because  thev  are  too 
far  from  the  well  for  efficient  ir-nsfer  to  them  to  be  possible  or  because  the  change  their 
energies  by  the  barrier  renders  them  out  of  resonance  (1)  and  impotent. 


slice  becomes  large,  so  that  an  exciton  confined  lo  ihe  slice  can  more  easily 
rad»::xiively  decay  before  being  trapped. 

Slated  more  quantitatively,  the  probability  that  the  nearest  trap  is  a  disia.'.ce 
r  from  the  exciton  in  a  three-dimensional  lattice  is 

( r )  =  4 :r/- \vC(  1  -  A- =  4 trr \yC  exp{  - xCV ) . 

where  we  have  V-  47rrV3.  C  is  the  density  of  lattice  points.  .vC  is  the  density 
of  (randomly  distributed)  traps  (,yC  ==  and  we  have  assumed  a*  ^  1.  The 
mean  distance  to  the  nearest  trap  is 

p^{r)dr 

Jq  •'o 

=  r(4/3)(4:r.vC/3)“‘^\ 

where  r(:)  \s  the  gamma  function.  For  a  thin  slice  A  (aC)"’  we  have  the 
probability 

p^{r)-‘2^rX.xC(\-x)"^'  =  2-/X.vC  exp( -^X.vC). 
and  the  mean  distance  to  the  nearest  trap  in  the  slice  is 
/?,  =  r(3/:)(rx.vc)'' 
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Here  A  is  the  area  ^rr-.  Thus  we  have 

Rx/R-.  =  [n 3 )]  ■ '( V6)' ''(.vC ) ■  ^ a  (  D/A )‘  V 

We  have  executed  model  calculations  to  illustrate  the  effect  on  the  lumines¬ 
cence  of  this  change  m  effective  nearest-trap-distance  by  the  classical  well.  We 
assume  that  excitons  walk  randomly  on  a  lattice  containing  traps  which  are 
distributed  randomly.  The  jump  time  of  the  cxciion  between  sites  is  a  constant, 
the  exciton  concentration  is  small;  and  the  excitons  initially  are  ran¬ 
domly  distributed  on  the  lattice  points.  Excitons  jump  to  nearest-neighbor  sites 
only  (with  equal  probability);  and,  once  trapped,  never  reappear.  The  effect  of 
the  superlattice  or  classical  well  is  to  confine  the  exciton  to  a  slab:  when  an 
exciton  attempts  to  pass  through  a  slab  boundary,  it  is  perfectly  reflected 
(unless  the  confined  slice  is  only  one  atomic  layer  thick,  in  which  case  il;o 
e.xciton  is  only  permuted  to  jump  to  one  of  its  four  neighboring  sites). 

Our  results,  as  obtained  using  Monte  Carlo  techniques  [5-7]  for  20U0 
excitons,  are  given  in  fig.  2  for  a  model  in  which  we  have  =  2  ps, 
.V  =  10"’\  and  a  radiative  lifetime  of  t  =  1  [8],  (The  Monte  Carlo  calculation 

has  been  checked  by  calculating  tlie  moan  number  of  steps  before  trapping  for 
various  analytically  solvable  (7)  problems  involving  random  walkers  on  latt  ces 
with  traps  [9].)  Because  we  have  <k  r,  we  first  compute  the  number  of 
excitons  remaining  untrapped  a.s.surning  no  radiative  transitions  (t-  x)  and 
then  multiply  this  result  by  exp( -i/'t)  to  obtain  a  good  approximation  for  the 
luminescence  intensity  L{t),  normalized  to  unity  at  /  =  0.  Note  that  confining 


Fig.  2.  Luminescence  Lit)  versus  ume  /  in  units  of  the  jump  time  for  an  exciton  confined  to 
a  v.cil  of  thickness  X  «  where  is  the  lattice  constant.  These  curves  were 

calculated  for  2000  random  walker^,  with  =  10"^.  r  «  I  /is.  and  **  1  ps. 
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wells  of  a^.  and  ci^  is  the  lattice  constant,  do  enhance  the 

luminescence  as  expected:  The  total  luminescent  yields  are  enhanced  hv  factors 
of  2.34,  1.59.  and  1.33,  respectively. 

The  present  work  is  meant  lo  demonstrate  the  qualitative  effect  on  luminos¬ 
ity  of  exciton  localization  by  superlaiiices  or  classical-well  barriers,  and  hope¬ 
fully  will  stimulate  experiments  to  observe  and  quantitatively  cernonsirate  the 
effect,  which  may  have  been  present  in  the  recent  experiments  of  Petroff  et  al. 
[10).  The  principal  limitation  of  the  present  work  is  our  assumption  that  the 
exciton  is  of  zero  radius  and  resides  on  a  single  lattice  site  at  a  lime.  This 
implies  that  the  present  theory  is  likely  to  be  quantitatively  applicable  ut  only 
small-radius  Frenkel  exciions  and  to  organic  classical  wells  or  superlaiiices.  In 
semiconductors,  excitons  have  large  radii  and.  when  confined  in  wells  of  less 
than  100  A  width,  exhibit  quanturn-weli  e^Tects  not  included  in  the  present 
model  [11].  Nevertheless  if  the  transport  to  the  non-radia  ive  killer  center 
proceeds  ''S  a  result  of  migration  of  one  carrier  through  succe-isive  small-radius 
deep-level  states  that  have  significantly  different  energies  in  the  barrier  than  in 
the  well,  the  present  model  should  apply  semiquanlitalively. 
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Predictions  arc  given  for  the  chemical  trends  in  (i)  deep  energy  levels  associated  with  28  sp^- 
bonded  substitutional  defects,  and  (ii)  energies  of  Hjalmarson-Frcnkei  core  excitons  at  the  *100)  sur¬ 
face  of  Si,  reconstructed  accoitling  to  Chadi's  (2X1)  asymmetne-dimer  model.  The  predictions  sug¬ 
gest  that  P  at  tins  surface  should  produce  a  deep  level,  and  that  the  Hjalmarson-Frenkcl  surface  core 
exciton  should  have  a  binding  energy  that  is  strongly  site  dependent. 


In  this  paper  wc  report  a  semiquantitaiivc  theory  of  de¬ 
fects  at  the  Si(100M2Xl)  surface  with  its  outer  layer 
reconstructed  according  to  Chadi’s  asymmetric-dinicr 
model.*  Our  approach  is  to  solve  for  the  band-gap  eigen¬ 
values  £  of  the  secular  equation, 

det[{--G,(£)n=0, 

where  (?,(£)  is  the  surface  Green’s  function  and  I'is  the 
defect  potential  of  Hjalmarson  et  Thus  we  follow 
the  theory  of  bulk  deep  levels.^  while  evaluating  G,  usinj 
the  theory  of  Allen, ^  evanesrent-wa\  e  techniques,'  and  the 
em^)irical  tight-binding  basis  of  VogI  et  aL^  A  similar 
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FIG.  1.  Illustration  of  the  geometrical  structure  of  Chadi's 
asymmetric-dimer  model  for  the  Si(100)-(2x  1)  surface  m  the 
approximation  that  only  the  first  plane  of  atoms  u^-ergoes  re¬ 
laxation.  The  surface  is  at  the  top  oi  .a  figure,  fr.e  circles 
denote  row*-  of  atoms  in  the  (001)  suriace.  \icwed  aiong  me  (1 10; 
direction  (referred  to  the  usual  face-centered-cubic  bulk  (*ircc- 
lions'  The  rows  o^  atoms  in  the  top  layer  are  displaced  from 
thei:  jnrcconr.  true  red  positions  (dashed  circles;  to  the  open- 
circle  positions.  The  displacements  of  the  surface  atom-  em¬ 
ployed  for  the  present  wo.-'k  are  denoted  n  arrows  The 
second- layer  rows  of  atoms  arc  denoted  by  shaded  circles  The 
plane  of  the  up-i  and  down-1  atoms  in  the  plant  of  the  pap.*r 
lies  below  the  corresponding  up-2  and  do\vn-2  plane  b\  a  per¬ 
pendicular  wisiance  Tne  up- 1  to  up  2  distance  is 

V  30^/4,  where  ai  is  the  lattice  rorotant. 


method  has  been  applied  extensively  and  successfully  to 
defects  at  Ill-VdlO)  surfaces  by  Allen  et  and  has 
provided  a  jnified  explanation  of  obser\*ed  Schc'.iky  bar¬ 
rier  Heights.’  Details  of  the  method  and  calculanonal  pro¬ 
cedures  are  available  elsewhere.* 

The  results  of  the  calculation  are  predictions  of  deep 
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FIG.  2.  Predicted  deep  energy  levels  for  substitutionai  defects 
at  the  dp  sue  of  ih  -  Si(l00)-(2x  1)  surfac* .  reconstructed  accord¬ 
ing  to  Chaoi's  asMnincinc-dimer  nuxlel,  '  v‘rsus  defect  potential 
y.  The  relevant  defects  appear  ai  me  tc  n  the  ‘Igure  at  their 
values  of  y,.  The  shades,  area  oenoies  the  calculated  surface- 
state  ban'<  (which  arc  kn 'wn  expen'i  eniali>  to  he  t:z0.5  eV 
lower  than  »he  calculation  predicts*')  The  qualitaine  features 
ol  the  calculation  and  chemical  trenos  of  the  theory  are  impor¬ 
tant  ar'd  meaningful  re.  jIts. 
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FIG.  3.  Deep  levels  ai  the  down  site  of  the  Si(I00)-(2x  I)  sur- 
face. 


trap  energies  E  versus  defect  potential  K  V  is  actually  a 
diagonal  matrix  in  the  local  sp^s^  basis,  centered  on  the 
defect  site  V  »( Vj,  in  order  to  present  results 

as  a  function  of  a  single  parameter  K,,  we  use  the  rule 
Figure  1  shows  the  asymmetric-dimer  model 
reconstruction;  Figs,  2-5  show  the  predicted  defect  levels 
for  atoms  at  the  “up"  and  “down"  sites  of  the  first  and 
second  layers  of  the  asymmetric-dimer  reconstructed  sur¬ 
face  (see  Fig.  1). 
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FIG  4  Deep  le\els  for  defects  at  the  up  s.’v  of  the  second 
layer  from  the  Si(100»-(2y  !)  surface. 
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FIG.  5.  Deep  levels  for  defects  at  the  down  sue  of  the  second 
layer  from  the  Si(l(X))-(2x  1)  surface. 

A  major  result  is  that  the  “deep"  defect  levels  for  atoms 
at  the  “up"  and  “down"  sues  and  in  the  second  and  first 
layers*®  are  different.  This  is  shown  explicitly  in  Figs.  6 
and  7  for  the  P  substitutional  impurii)  and  Si  vacancy 
(which  corresponds  to  K,  — col,  respectively.  (Consider 
only  the  qualitative  aspects  of  the  predictions,  do  not  take 
the  precise  energ>  levels  literally;  the  e.\pecied  uncertainty 
is  csi±0.5  eV.**‘*^) 


SI(IOOH2xi)  P  or  exciton 


FIG.  6.  The  predicted  energy  levels  within  the  sur^  e  band 
gap  for  subsiiiutional  P  or  a  Hjaimaison-Frenkel  cere  exciton 
(Ref.  13),  as  a  function  of  layer  number  (oo  means  bulk).  The 
first*  and  second-layer  deep  levels  all  coalesce  into  a  deep 
resonant  level  in  the  bulk.  Closed  (open)  circle^  denote  electron¬ 
ic  (hole)  occupation  of  the  neutral  defect  levels  Sues  are  denot¬ 
ed.  e.g.,  dour.  2  meaning  the  iecond-la>ei  >iie  beneath  the 
do'xn-!  site 
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SKIOOH  2  XI  )  Vocancy 


FIG.  7.  The  vacancy  levels  predicted  to  lie  in  the  gap  for  the 
Si(100)-(2X  I)  surface  as  a  function  of  layer  number  (oo  means 
bulk).  Electronic  (hole)  occupation  is  denoted  by  closed  (open) 
circles.  The  first*  and  ‘econd-laycr  levels  all  coalesce  into  the 
bulk  Ti  vacancy  deep  level  (Ref.  2),  which,  when  neutral,  con¬ 
tains  two  electrons  and  four  holes. 


Almost  all  impurities  will  produce  at  least  one  deep  lev¬ 
el  in  the  gap  for  one  of  the  four  sites  near  the  surface.  In 
particular,  the  bulk  shallow  dopants  P  [Fig.  6  (Ref.  13)] 
and  As,  when  near  or  at  the  surface,  are  pre.iicted  to  yield 
deep  levels  in  the  gap.  Hence,  the  Si(lC0)-(2X  1) 
asymmetric-dimer  surface  of  heavily  doped  Si  should 
have  many  c.xlrinsic  surface  states,  with  the  number  being 
roughly  proportional  to  the  surface  concentration  of 
dopants. 

At  the  surface,  P  produces  *evels  near  both  ^he  middle 
and  the  top  of  the  fundamental  band  gap  of  Si— a  striking 
prediction  that  may  have  direct  bearing  on  the  Si  2p 
“core-e.uiton  anomaly** — that  the  observed  binding  ener¬ 
gy  of  (he  Si  2p  core  e.xciton  ap;.ears  to  be  considerably 
larger  than  predicted  by  shallow-impurity  theory.*^  In¬ 
sofar  as  a  2p  core  hole  has  a  charge  distribution  similar  to 
a  proton,  the  cc-v  electron  sees  the  effective  nuchiar 
charge  Z  of  Si  increased  by  unity  to  2  -f  1;  that  is,  it  sees 
a  phasphoinis  defect  potential.*^  Thus  the  energy  level  of 
the  surface  core  excuon  should  approximately  equal  the 
energy  of  a  P  surface  iinpuniy,  and  the  theory  predicts 
that  there  should  be  core  e.xciii'ns  at  the  Si(l(X))  surface 


with  apparent  binding  energies  relative  to  the 
conduction-band  edge,  ranging  from  i=:0.2  eV  on  the  up 
site  of  the  first  layer  to  more  than  half  the  band  gap 
eV)  on  the  down  site.  The  importa*u  point  .s  not 
the  absolute  values  of  the  predicted  binding  energies 
(which  have  significant  theoretical  uncenainties’-)  out 
that  the  variation  of  binding  energy  from  site  to  site  can 
be  large. 

It  is  possible  tb'it  this  dramatic  site  dependence  of  the 
Si  surface  core-exciion  binding  energy  has  been  observed, 
although  .  (  recognized  as  such.  Several  authors  have  re¬ 
ported  wiu.'y  different  Si  2p  core-e.xcitou  binding  ener- 
jjies/'*  from  0.1  to  0.9  eV,  with  some  speculation  that  the 
proximity  )f  the  core  e.xciton  to'  the  surface  affects  the 
binding  energy.  This  variation  is  comparable  with  what 
we  predict,  0.2-0.8  eV.  Perhaps  these  diverse  s.\penmen- 
t.ii  results  can  be  understood  as  due  to  experiments  sensi¬ 
tive  to  core  excitons  at  different  sites. 

This  site-dependence  occurs  in  part  because  electronic 
charge  transfers  from  the  down  layers  to  the  up  layers  at 
the  surface.  Thus  the  up  site  is  a  pseudo-anion  site  and 
the  down  site  is  a  pseudo-cation  at  this  surface.  Chemi¬ 
cally,  the  down  site  becomes  more  ‘-bonded  and  the  up 
site  becomes  more  p  backbonded.*^  The  down  cation  site 
exhibits  the  larger  exciton  binding  energy,  as  expected:  In 
III-V  semiconductors  cation  core  excitons  generally  have 
larger  binding  energies  than  anion  excitoru.  This  is  be¬ 
cause  the  conduction-band  states  are  cationhke,  whereas 
the  valence-band  states  are  anionlike.  This  trend  of  the 
cation-site  levels  King  below  the  corresponding  anion-site 
levels  holds  for  the  surface  vacancies  as  we‘l  as  for  P  or 
the  core  e.xciton. 

The  present  results  illuminate  the  richness  of  the  spec¬ 
tra  of  surface  impurities.  At  the  present,  however,  there 
are  few  data  for  the  energy  levels  of  known  surface  im¬ 
purities;  we  hope  that  the  present  work  v/ill  stimulate 
more  experiments  in  this  direction  and  provide  a  guide  for 
elucidating  the  chemical  trends  in  data. 
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Abstract 


Recent  tliecrccicai  work 'on  the  physics  of  surface  deep  ir<purl.ty  ‘.*tntes, 
intrinsic  surface  states,  and  surface  core  excicon  states  in  semiconductors  is 
The  Schottky  Inrrier  ehights  of  the  cotucon  ser.itof’ciuctoiis  cau.  be 
unde rs tot'd  in  terijs  of  Ferr.i -'level  pinning  by  various  surface  deep  levels 
associated  vith  nacive  defects  or  defects  produced  by  surtacc  treacmcM'.ts.  The 
sa.ce  theoretical  fracjowcrk,  which  has  been  successfully  applied  to  bulk 
deep-iev-/l  probieT.s,  also  provices  a  j»ood  account  of  the  physics  *  *  inirinsir 


surface  ‘itace  di -ur'^rsion  rolatiors  and  surface  core  o:<clturi  statt;s 
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In  the  bulk  of ^  a  tetrahedral  sec:i conductor,  a  single  substitutional  s-p 
bonded  iapurity  or  vacancy  will  ordinarily  produce  four  "deep”  levels  with 
energies  near  the  fundamental  band  gap:  one  s-llke  (A^)  and  three  p~like  (T2) 
[Ij*  These  deep  levels  may  lie  within  the  fundamental  band  gap,  in  which  case 
they  are  conventional  deep  levels,  or  they  nay  lie  within  cither  the 
conduction  or  the  valence  band  as  "deep  resonances."  A  s’neet  of  N  vacancies 
will  produce  such  deep  levels  —  namely,  the  intrinsic  surface  state  energy 
bands,  which  may  or  may  not  overlap  the  fundamental  gap  (to  a  good 
approximation,  insertion  of  a  sheet  of  vacancies  is  equivalent  to  creating  a 
surface). 

intrinsic  surface  states  have  cotunon  underlying  physics  with  deep 
impurities  because  they  too  result  from  localized  perturbations  of  a 
semiconductor  [2],  arxd  so  their  energies  can  be  relatively  easily  predicted  by 
extending  to  surfaces  ideas  developed  by  Hjalmarson,  Vogl ,  V/olfcrd,  et  al.  (1) 
for  the  deep  inpurity  problem.  This  has  been  done  by  several  authors 
1 3)  [4)  [ 5J [ 6] ( 7) (8) (9] ( 10) ( 1 1 ] ( 12] ,  nost  notably  by  Allen  and  co-workers 
113)(14)(15](16][17). 

Extrinsic  and  native-defect  surface  states  also  are  governed  by  similar 
physics,  and  are  especially  interesting  in  the  light  of  the  Schottky  barrier 
problem:  Bardeen  showed  that  modest  densities  of  surface  states  on  a 
scniconductor  can  "pin"  the  Fermi  level  (18),  forming  a  Schottky  barrier.  The 
bulk  Fermi  energies  of  the  semiconductor,  the  metal,  and  the  semiconductor 
surface  must  align  (Fig.  1).  If  the  semiconductor  is  heavily  doped  r.~:ype,  the 
surface  Fermi  energy  is  the  lowest  empty  surface  state.  The  bands  bend  to 
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accoGodate  this  alignment  of  Fermi  levels,  forming  the  Schottky  barrier*  Thus 
the  Schottky  barrier  height  is  the  binding  energy  of  the  lowest  naturally 
empty  surface  state,  relative  to  the  conduction  band  edge-  In  1976  Spicer  et 
al.  proposed  that  the  Bardeen  surface  states  responsible  for  pinning  the  Fermi 
energy  are  due  to  native  defects  [18] [ 19] [ 20) [ 21] [22] • 

Surface  core  excitons  are  similar  to  surface  defect  states,  as  can  be 
seen  by  using  the  optical  alchemy  approximation  [23]  or  the  Z+1  rule  [24] • 
Consider  core  excitation  of  a  Ga  atom  at  the  surface  of  GaAs;  the  radius  of 
Che  core  hole  is  sufficiently  small  that  the  hole  can  be  assumed  to  have  aero 
radius  (i-e-,  the  hole  is  equivalent  to  an  extra  proton  in  the  nucleus)-  Thus 
the  core-excited  electron  feels  the  potential  of  an  atom  whose  atomic  charge  Z 
is  greater  than  that  of  Ga  by  unity ,  namely  Ge.  Thus  the  Ga  core  exciton 
spectrum  is  approximately  the  same  as  the  spectrum  of  a  Ge  impurity  on  a  Ga 
site-  Hence  the  core  exciton  states  in  semicondutors  can  be  either  '’shallow** 
(VJannier-Mott  excitons)  or  **deep”  (Hjalmarson-Frenkel  excitons),  as  is  the 
case  for  impurity  states.  The  deep  Hjalmarson-Frenkel  excitons  are  similar  to 
the  surface  deep  levels  associated  with  impurities. 

In  this  paper,  we  show  that  the  physics  of  deep  impurity  levels, 
intrinsic  surface  states,  surface  impurity  states,  Schottky  barriers,  and 
Hjalmarson-Frenkel  core  excitons  are  all  similar. 

II.  Deep  impurity  levels  at  the  surface : 

Schottky  barriers  and  Fermi-level  pinning 
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The  basic  physics  of  most  Schottky  barriers  can  be  explained  in  terms  of 
the  rerini-lcvel  pinning  idea  of  Bardeen  (18].  Stated  in  a  slightly 
oversimplified  torm  for  a  degenerately  doped  semiconductor  at  zero 
temperature,  the  Fermi  energies  of  the  iae?tal,  the  bulk  semiconductor,  and  the 
semiconductor  surface  all  align  in  electronic  equilibrium.  For  an  n-type 
semiconductor  with  a  distribution  of  electronic  states  at  the  surface,  the 
Fermi  level  of  the  neutral  surface  is  the  energy  of  the  lowest  states  that  is 
not  fully  occupied  by  electrons.  Electrons  diffuse,  causing  band-bending  near 
ti\e  semiconductor  surface,  until  the  surface  Fermi  energy  aligns  with  the 
Fermi  iovels  of  the  bulk  semiconductor  and  the  metal.  Tliis  results  in  the 
fornarion  of  a  potential  barrier  betweeen  the  semiconductor  and  the  metal,  the 
S^.iiottky  barrier  (Fig.  I).  For  an  n-type  semiconductor,  the  Schottky  barrier 
height  is  essentially  the  energy  separation  between  the  surface  state  that  is 
the  Fermi  level  and  the  conduction  band  edge.  For  a  p-type  semiconductor,  the 
barrier  height  is  the  energy  of  the  highest  occupied  electronic  state  of  the 
neutral  surface,  relative  to  the  valence  band  icaxiuum.  Tnus  the  problem  of 
determining  Schottky  barrier  heights  is  reduced  to  obtaining  the  energy  levels 
of  the  surface  states  responsible  for  the  Fermi-level  pinning. 

In  his  original  article,  Bardeen  focussed  his  attention  on  intrinsic 
semiconductor  surface  states  as  Che  most  likely  candidates  for  Fermi-level 
pinning.  But  lie  also  pointed  out  that  deep  levels  in  the  gap  associated  with 
impurities  or  native  surface  defects  could  also  be  responsible  for  the 


phenomenon. 


Page  5 


Following  Bardeen's  work,  a  major  advance  occurred  as  a  result  of  the 
experiments  of  Mead  and  Spitzer  (25)  who  determined  the  Schottky  barrier 
heights  of  many  semiconductors,  both  n-type  and  p-type.  Most  of  those  old  data 
have  been  confirmed  by  modern  measurements  taken  under  much  more  favorable 
experimental  conditions . 

However,  after  this  work,  the  Schottky  barrier  problem  was  widely 
re?;arded  as  understood  (26)  in  terms  of  concepts  quite  different  from 
r  ermi-- level  pinning . 

In  recent  years  Spicer  and  co-workers  have  revived  the  Fermi-level 
pinning  model  and  have  argued  Chat  the  pinning  is  accomplished  by  native 
defects  at  or  near  the  surface.  Their  picture  is  that  during  the  deposition  of 
the  metal  native  defects  are  created  at  or  near  the  semiconduccor/metal 
interface,  and  chat  these  semiconductor  surface  defects  produce  deep  levels  in 
the  band  gap  that  are  responsible  for  Fermi-level  pinning. 

Spicer's  viewpoint  has  been  contested  by  Brillson  and  co-workers  127] > 
who  have  emphasized  the  importance  of  chemical  reactivity  on  barrit-r  height. 
The  Brillson  viewpoint  gains  support  from  the  observation  of  well-defined 
chemical  trends  in  the  variation  of  barrier  height  wi th  the  heat  of  reaction 
of  the  metal /semi conductor  interface,  as  shown  for  n-InP  by  Williams  uc  al . 
(28](29l["0)  (Fig.  2).  (We  believe  that  the  Spicer  and  Brillson  viewpoif«cs  can 
b.*  reconciled. ) 

Daw,  Smith,  Swarts,  and  McGill  (31]  have  proposed  chat  free  surface 
vacancies  account  for  some  of  the  observed  Schottky  barrier  heights  in  III-V 
semiconductors.  Alien  and  co-workers  have  argued  chat  a..wlsite  defects 
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(32]  [33]  [34]  [35]  (36)  "sheltered**  [37]  at  the  surface  pin  the  Fermi  energy  for 
most  Schottl'.y  barriers  between  III-V  semiconductors  and  non-reactive  metals, 
but  that  vaccincies  become  the  dominant  pinning  defect  when  the  metal  is 
reactive  (36) •  Thus  rhe  briilson  reactivity  picture  can  be  unified  with  the 
Spicer  Fernl-level  pinning  picture:  the  chemical  reaction  merely  changes  thu 
dominant  pinning  defect.  Tae  experimental  results  of  Mead  and  Spitzer  [25), 
Wieder  (38)  (  39 )  (40  j  ,  Williams  (28)  (29]  (30)  ,  MiSnch  (Al)  (42)  (43)  (44)  (45)  ,  their 
co-workers,  and  many  others  support  this  general  viewpoint. 

Moreover,  the  connection  between  the  Schottky  barriers  formed  at  Si 
interfaces  with  rransicion  metal  silicides  and  the  barriers  between  Ill-V 
semiconductors  and  metals  appears  to  be  provided  by  the  recent  work  of  Sankey 
et  al.  (46):  Fermi -level  pinning  can  account  for  the  silicide  data  as  well. 
Thus  a  single  unifying  picture  of  Schottky  barrier  heights  in  III-V  and 
homopolar  semiconductors  appears  to  be  emerging.  And  although  this  Fermi-level 
pinning  picture  is  no  doubt  oversimplified,  it  does  provide  a  simple 
explanation  of  the  first-order  physics  determining  Schottky  barrier  heights, 
and  how  the  physics  changes  when  the  dominant  defect  switches  as  a  result  of 
chemical  reactivity . 

It  appears  unlikely,  however,  that  the  Fermi-level  pinning  mechanism  of 
Schottky  barrier  format lun  is  universal*  Layered  semiconductors  appear  not  to 
exhibit  Fer::.i-level  pinning,  but  rather  seem  to  obey  the  original  Schottky 
model  (30).  Tnis  is  probably  ^x^cause  the  layered  semiconductors'  surfaces  are 
relatively  impervious  to  defects  and  do  not  have  defect  levels  in  the  band 


gap. 
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The  Fenal-level  pinning  inechanisni  of  Schottky  barrier  formation  has  the 
most  advocates  for  III-V  seiaiconductors  such  as  GaAs  and  InP*  However,  even 
for  these  materials  there  are  other  proposed  mechanisms  for  Schottky  barrier 
formation,  inost  notably  those  of  Freeouf  (47)  and  Ludecke  [48]. 

Studies  of  Si,  especially  Si/t ransitioa-metal  silicide  interfaces,  have 
focussed  on  the  role  of  the  silicide  in  Schottky  barrier  formation  [49],  in 
contrast  to  the  studies  of  T!ius,  prior  to  the  recent  work  of  Sankey 
et  al.  (46),  it  was  widely  'believed  that  Fermi-level  pinning  was  not 
responsible  for  the  Schottky  barrier  at  these  silicide  interfaces. 

Thus  the  present  state  of  the  field  is  that  Fermi-level  pinning  has  its 
advocates  for  some  semiconductors,  but  is  not  generally  accepted  as  a 
universal  mechanism  of  Schottky  barrier  formation,  especially  at 
Si /transition-metal  silicide  interfaces . 

A  central  point  of  this  paper  is  the  Fermi-level  pinning  can  explain  an 
enormously  wide  range  of  phenomena  relevant  to  Schottky  barrier  forj-.acion  in 
III-V  semiconductors  and  in  Si  —  which  no  other  existing  model  can  do.  In 
fact,  the  authors  believe  that  Fermi-level  pinning  by  native  defects  is 

I 

responsible  for  the  Schottky  barrier  formation  in  III-V  semiconductors  and  in 
Si. 

Our  approach  to  the  problem  is  simple:  we  calculate  deep  levils  of 
defects  at  surfaces  and  in.terfaces,  and  we  use  these  calculations  to  interpret 
existing  data  in  terms  of  the  Fermi-level  pinning  model.  To  illustrate  our 
approach,  we  first  consider  the  Si/cransicion-metal  silicide  interface  and 
Fermi-level  pinning  by  dangling  bonds,  as  suggested  by  Sanxey  ec  al.  (46). 
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a)  Si/transition-metal  silicide  Schottky  barriers 

A  successful  theory  of  Si /cransicion-*metal  silicide  Schottky  barrier 
heights  must  answer  the  following  questions:  (1)  Hew  are  the  Schottky  barrier 
heights  at  Si/transition-metal  silicide  interfaces  related  to  those  at 
interfaces  of  III-V  semiconductors  wich  inetals  and  oxides?  (2)  Why  is  it  chat 
Schottky  barrier  heights  of  Si  with  different  transition  metals  do  net  differ 
by  "'1  cV  >  since  ci'.anges  of  silicide  electronic  structure  on  this  scale  are 
known  to  occur  (5U)?  (3)  V;hac  is' the  explanation  of  the  weak  chemical  trends 
that  occur  on  a  "'0*1  eV  scale  (50]?  (A)  W'hy  are  the  Schottky  barrier  heights 
of  silicides  with  coinpletely  different  stoichiometries,  such  as  Ki^Si,  NiSi, 
and  NiSi2  all  equal  to  within  '"0*03  eV?  (5)  WTiy  are  the  Schottky  barrier 
heights  virtually  independent  of  the  silicide  crystal  structure?  (6)  WTiy  is  it 
that  barriers  form  with  less  Chan  a  monolayer  of  silicide  coverage?  (7)  W^.y  do 
the  Schottky  barrier  height:>  ror  n-  and  p-Si  very  nearly  add  up  to  the  band 
gap  of  Si?  (8)  V/hat  role  do  the  d-electrons  of  the  transition  metal  play  in 
Schottky  barrier  formation? 

The  answers  to  all  of  these  questions  are  simple  and  straightforward,  if 
one  proposes  (as  Sankey  et  al«  (46)  have  done)  that  the  Si/transition-metal 
silicide  Schottky  barriers  are  a  result  of  Fermi-level  pinning  by  Si  dangling 
bonds  at  the  Si/transit ion-metai  silicide  interface.  (1)  The  Fermi-level 
pinning  idea  unifies  the  Si/transit ion-metal  silicide  Schottky  barriers  with 
those  found  for  the  III-V's.  (2)  Trie  Schottky  barrier  heights'  independence  of 
Che  transition-metal  silicide  comes  from  the  fact  that  the  causative  agent, 
the  Si  dangling  bond,  is  associated  with  the  Si,  and  not  with  the  silicide  of 
transition  metal.  (3)  The  weak  chemical  trends  in  barrier  heights  occur 
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because  the  different  transiticn-'metal  sllicides  repel  the  Si  dangling  bond 
wavefunction  somewhat  differently,  causing  it  Co  lie  slightly  more  or  less  in 
the  Si.  (4,5)  The  Schottky  barrier  heights  vary  very  little  with  silicide 
stoichiometry  and  silicide  crystal  structurti  because  the  Si  dangling-bond 
level  is  “deep-level  pinned'*  in  the  sense  Hjalmorson  et  el.  (1):  a  large 
change  in  defect  potential  produces  on"''*  change  in  the  deep  level 
responsible  for  Fermi-level  pinning  The  transition  metal  atoms  act  as  inert 
encapsulants  with  the  electronic  properties  of  vacancies,  because  their  energy 
levels  are  out  of  resonance  with  the  Si,  (6)  Sub-mcnolayer  barrier  formation 
occurs  because  the  Si  dangling-bond  defect  responsible  for  the  Fermi-level 
pinning  is  a  localized  defect  that  forms  before  a  full  interface  is  formed. 
(7)  The  Schottky  barrier  heights  for  n-Si  and  p-Si  add  up  to  the  band  gap 
because  (in  a  one-electron  approximation)  the  pi:;ning  level  associated  with 
the  neutral  Si  dangling-bond  at  the  interface  is  occupied  by  one  electron,  and 
so  can  accept  either  an  electron  or  a  hole:  it  is  the  surface  Fermi  level  for 
both  electrons  and  holes  —  both  the  lowest  partially  empty  state  and  the 
highest  partially  filled  state.  (8)  Tlie  d-electrons  of  the  transition  metal 
atoms  play  no  essential  role  in  the  transi ticn-metal  3i'  tide  Schottky  barrier 
formation,  except  to  determine  the  occupancy  of  the  Si  dangling  bond  deep 
level;  they  are  out  of  resonance  with  the  Si  at  the  interface. 

The  physics  of  the  Si  danglinc -bond ,  Fermi-level  pinning  mechanism  is 
contained  in  the  very  simple  model  presented  by  Sankey  et  al.  to  a  good 
a pprexination ,  a  Si  dangling-bond  at  a  Si/transition-mctdl  filicide  interface 
is  the  same  as  a  vacancy  in  bulk  Si  with  three  of  its  four  neighbors  replaced 
by  transition-metal  atoms.  To  illustrate  Li:ib  ohysics,  consider  first  a 
vacancy  in  bulk  Si.  This  defect  produces  four  deep  levels  near  cr.c  band  gap;  a 
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non-degenerate  Aj  or  s-like  level  deep  in  the  valence  band  (a  "deep 
resonance")  and  a  three-fold  degenerate  T,  level  in  the  band  gap.  Tne  Si 
dangling  bond  defect  at  a  Si/transition-metal  silicide  interface  differs  for 
the  bulk  Si  vacancy  in  tvo  ways;  (l)'soae  of  the  nearest-neighbors  of  the 
interfacial  vacancy  are  transition-aietal  atcas  rather  chan  Si  atoas;  and  (2) 
more  distant  neighbors  are  also  different  atoms  at  different  positions  —  but 
the  experimental  fact  that  Schottky  barriers  form  at  sabmonolayer  coverages 
suggests  chat  these  differences  in  remote  atoms  are  unimportant.  Tnus  ve  can 
ioagine  constructing  the  Ferc:i~level  pinning  defect  by  slowly  changing  soT.e  of 
the  Si  atonis  adjacent  to  a  bulk  Si  vacancy  into  transition-metal  atoms  (Fig* 
3)- 


To  be  specific  we  consider  a  Si/NiSi2  interface,  with  a  missing  Si-bridge 
atom.  Thus  (Fig,  4)  the  Si  bond  dangles  into  the  vacancy  left  by  the  removal 
of  the  Si  bridge  atom;  this  vacancy  is  surrounded  by  one  Si  atom  and  three  Ni 
atoms. 


How  are  the  Ni  atoms  different  from  Si?  First,  their  s  and  p  orbital 
energies  lie  well  above  those  of  Si*  Second,  they  each  have  an  additional  d 
orbital,  with  an  energy  that  lies  well  below  the  Si  s  and  p  orbital  energies 
(and  is  not  terribly  relevant  here).  The  very  positive  Ni  s  and  p  energies  ^ct 
as  a  repulsive  potential  barrier  to  electrons,  repelling  the  Si  dangling  bond 
electron  from  their  vicinity  in  the  silicide  and  forcing  it  to  reside  almost 


exclusively  in  the  Si, 
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The  effect  of  this  positive  potential  barrier  duo  to  the  Ni-Si 
difference,  as  it  is  turned  on  slowly  in  our  icagination,  is  to  drive  the 
levels  of  the  bulk' vacancy  upward  in  en.irgy.  In  fact,  for  Ni,  the  potential  is 
sufficiently  positive  to  drive  the  T^'bulk-Si  vacancy  level  out  of  the 
into  the  conduction  band*  Ac  the  same  time,  the  deep  resonance  of  the  Si 
bulk  vacancy  is  also  driven  upward*  For  sufficiently  large  and  positive 
potential,  it  pops  into  the  fundamental  band  gap* 

The  Aj-derived  level  cannot'  be  driven  all  of  the  way  through  the  gap  by 
the  potential  though,  because  an  (approximate)  level-crossing  theorem  prevents 
this*  A  simple  way  to  see  that  there  is  an  upper  bound  within  the  ;,ap  ’or  the 
perturbed  A^^  level  is  to  consider  a  paired-defect  of  a  vacancy  with  a 
neighboring  'ton  V.  If  the  atom  X  is  Si,  then  the  defect  levels  are  the 
(s-like)  valence  band  resonance  and  T2  (p-like)  band  gap  deep  level  of  the 
bulk  Si  vacancy.  and  T2  are  not  good  irreducible  representation  labels  01 
the  pair  however;  the  Aj  level  becomes  a-bonded  and  the  T2  level 

produces  one  o-bouded  and  two  n-bonded  orbital,  with  the  o-bond  oriented  alon^ 
the  axis  and  with  Che  tt  bonds  perpendicular  to  it*  Thus  the  unperturbed 

(X=Si)  0  levels  of  the  pair  are  the  and  T^  bulk  Si  vacancy  levels. 

The  interlacing  or  no-crossing  U.eorem  [51)  states  that  a  perturbation  cannot 
move  a  lavel  further  than  the  di?,  ance  to  the  nearest  unperturbed  level.  (It 
applies  only  approximately  here.)  Hence  no  matter  how  elcctropcsitive  X  is, 
the  (Vgji^jX)  level  derived  from  the  Si  vacancy  level  cannot  lie  above  tne  Si 
vacancy  T2  levol.  Tliese  considerations  for  general  (Vgj^jX)  pairs  hold  for  the 
specific  case  of  pairs,  and  carry  over  to  the  dangling  bond  defect  at 

the  Si/transit  ion-metal  sillci<re  interface,  which  is  a  vacancy  surrounded  by 
three  Ni  atoms  and  one  Si,  Thus  the  dangl ing-oond  deep  level  is  "deep-level 
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pinned”  (as  distinct  froni  Fenni-level  pinned)  in  the  sense  of  Hjalmarson  et 
al*  (1),  and  is  insensitive  to  even  major  changes  in  che  nearby 
transition*-meta)  atoms.  To  a  good  approximation,  the  nearby  transition-TDetal 
atoms  have  che  same  effect  as  vacancies  '(which  can  be  simulated  [52)  by 
letting  the  orbital  energies  of  che  transition-metal  atoms  approach  -f®, 
thereby  decoupling  the  atoms  from  the  semiconductor). 

Thus  the  work  of  Sankey  et  al.  (46)  not  only  provides  an  •:xplanaCion  of 
the  Si/craasition-metal  sili'cide  Schottky  barriers,  it  explains  why 
calculations  for  defects  at  a  free  surface  often  can  provide  a  very  good 
description  of  the  physics  of  Schottky  barriers:  the  defects  at  interfaces  are 
"sheltered”  (37)  or  encapsulated  by  vacancies  or  by  metal  atoms  chat  have 
orbital  energies  out  of  resonance  Ith  the  semiconductor  atoms;  because  of  Che 
deep-level  pinning,  the  free-surface  defects  (which  can  be  thought  of  as 
encapsulated  by  vacancies)  have  almost  the  same  energies  as  the  actual 
interfacial  defects. 


b)  Ill-V  Schottky  barriers 

The  Fermi-level  pinning  story  for  Si/transi tion-metal  silicides  holds  for 
Schottky  barriers  formed  on  Ill-V  semiconductors  as  well.  Here  we  su^rcari^e 
che  main  predictions  of  the  theory. 

The  basic  approach  of  che  theory  was  to  calculate  the  energy  levels  in 
the  band  gap  of  thirty  s-  and  p-bonded  substitutional  point  defects  at  the 
relaxed  (53)  (110)  surfaces  of  IIl-V  semiconductors.  With  these  results  in 
hand,  Allen  et  al.  examined  Schottky  barrier  data  in  the  context  of 
Fermi-level  pinning  and  eliminated  from  consideration  c.11  defects  that 
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produced  levels  considerably  farther  than  **0.5  eV  (the  theoretical 
uncertainty)  from  the  observed  pinning  levels.  Interstitial  defects  were  not 
considered;  they  'nave  less  of  a  tendency  [54]  to  exhibit  the  deep-level 
pinning  that  is  responsible  for  the  experimental  fact  that  different  metals 
produce  similar  Schottky  barrier  heights.  I'breover,  extended  defects  were  not 
considered  initially,  because  it  is  known  that  paired-defect  spectra  are 
intimately  related  to  and  similar  to  isolated  isolated-defect  spectra  (55].  (A 
more  complete  theory  of  Fermi-level  pinning  by  paired  defects,  especially  in 
GaSb  where  vacancy-antisite  pairs  are  important,  is  in  preparation.) 

For  clean  semiconductors,  th*e  native  substitutional  defects  potentially 
responsible  for  the  commonly  observed  Fermi-level  pinning  are  vacancies  and 
antisite  defects  (anions  on  cation  sices  or  cations  on  anion  sites). 

In  GaAs,  the  defects  proposed  by  rJLlen  et  al.  (32)  as  responsible  for 
Fermi-level  pinning  and  Schottky  barrier  formation  are  the  antisite  defects. 
The  cation-cn-the-As-site  defect  accounts  for  trends  with  alloy  composition  of 
the  Schottky  barrier  heights  of  n-cype  Inj^^^Ga^As  and  alloys  (Fig. 
5).  The  Fermi-Level  pinning  of  p-lnAs  (56),  which  shows  quite  different  alloy 
dependences  (57),  is  also  explained. 

This  picture  of  Fermi-level  pinning  has  been  confirmed  recently  by  >ronch 
and  associates,  annealed  Schottky  barriers  and  showed  that  the  Fermi-level 
pinning  disappeared  at  the  same  temperature  that  the  bulk  (and  presumably  also 
the  surface)  antisite  defect  is  known  to  anneal  [58] . 
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InP  is  an  even  more  interesting  ciaterial,  because  its  Schottky  barrier 
appears  to  depend  on  the  heat  of  reaction  of  the  interface  (28) [29] [30] •  This 
can  be  readily  explained  [36]  however  in  terms  of  switching  of  the  dominant 
Fermi-level  pinning  defect  from  an  antisite  defect  for  non-reactive  metals  to 
a  vacancy  for  reactive  metals  (Fig.  2). 

Moreover,  surface  treatments  are  known  to  alter  the  Schottky  barrier 

height  of  n-In? ,  in  a  manner  that  can  be  easily  understood  in  terms  of  the 

\ 

theory  (36):  Surface  treatments  with  Sn  or  S  produce  shallow  donor  levels 

associated  with  Sn^^^  or  Sp  at  the  surface,  and  these  levels  pin  the  surface 

/ 

Fermi  energy  for  contacts  between  n-InP  and  the  non-reactive  noble  metals. 
Likewise  0  and  C£  treatments  lead  to  reactions  with  P  that  leave  P-vacancies, 
so  that  the  surface  Fermi-level  of  treated  n-InP  interfaced  with  non-reactive 
metals  lies  near  Che  conduction  band  edge  —  as  though  the  metals  were 
reactive. 

Thus  the  Fermi-level  pinning  idea  appears  to  provide  a  simple  and 
unifying  understanding  of  a  wide  variety  of  Schottky  barrier  data  in  the 
common  semiconductors . 

Ill •  Intrinsic  surface  states 

The  calculations  of  surface  defect  levels  for  the  Schottky  barrier 
problem  can  be  checked  by  simultaneously  evaluating  surface  state  energies  and 
comparing  them  with  the  considerable  body  of  available  data.  The  theory 
underlying  surface  state  calculations  is  basically  rhe  sane  as  tlut  for  bulk 
point  defects  or  surface  defects.  It  is  quite  simple,  and  requires  only  (1) 
the  well-es tablished  empirical  ti ght -binding  liamiltonian  of  the  semiconductor 
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159]  (the  catrix  elenents  of  the  Kaoiltoaiaa  exhibit  izanifest  cheaical  trends 
froa  one  seniconductor  to  another),  and  (2)  knowledge  of  the  positions  of  the 
a tons  at  the  surface .  Thus  a  reliable  creataent  of  the  surface  states  of  a 
semiconductor  reouxres  an  adequate  >3odeI  of  the  geonetrlcai  structure  of  the 
surface.  At  present,  no  semiconductor  surface  structures  are  beyond 
controversy  [50],  but  two  seem  to  be  rather  well  accepted;  the  (110)  surface 
structure  of  ill— V  and  il— VI  semiconductors  with  the  a i neb lend e 
[ 53] [6 1 ] [ 62] [ 63] ,  and  the  (lUlO)  surface  structure  of  II-VI  semiconductors 
vich  the  vurtzite  structure  ;62]*  In  particular,  (110)  zincblende  surfaces  are 
characterized  by  an  outward,  alr:ost-rigid-rotation  relaxation  of  the  anion 
(e*g.,  As  in  GaAs),  with  the  bond  between  surface  anion  and  surface  cation 
rotating  through  about  27^  (III-V's)  or  33^  (II-VI's),  and  with  small  bond 
length  changes  and  subsurface  relaxations. 


o.)  (110/  surfaces  of  Xn— V  and  11— VI  zincblende  semiconductors 

During  the  past  five  years,  a  number  of  groups  have  reported  experimental 
and  theoretical  studies  of  intrinsic  surface  states  at  (110)  zincblende 
surfaces  [3] [ A] [ 5] [ 6] [ 7 ; ( 8] ( 9] [10 j  1 1 1 ] [ 12] [ 13] [  lA ][ 1 5] [ i6][ 17 ]( 18 j 
[  6a ]  [ 65]  [  56]  [  67 ]  [  68]  [  69 ]  [  70 ]  (  / 1  ]  72 ]  [  7 3 1  .  In  Fig.  6,  we  shew  the  most  recent 
calculation  for  the  dispersion  curves  H:(k)  at  the  GaAs  (110)  surface  [lA], 
together  with  the  measured  surface  state  energies  fo  Williams,  Smith,  and 
Lapeyre  (65)  and  of  Huijser,  van  Laar,  and  van  Rooy  [66].  The  calculation 
employs  the  ten-banc  sp^s*  empirical  tight-binding  model  of  Vogl  et  al.  [59]. 
The  agreement  between  theory  and  experiment  is  excellent.  For  example,  along 
the  symmetry  lines  \  f!  and  Ra  (i.e.,  thu  boundary  of  the  surface  Erillorin 
zone),  tlie  uppermost  branch  of  observed  states  appears  to  be  explained  bv  A-, 
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the  next  branch  by  the  overlapping  resonances  and  ^  three  lower 
branches  by  A^,  and  Here  "A**  and  ”C'*  refer  to  states  localized 
prioarily  on  anion'* and  cation  sites,  respectively.  A  detailed  coaparison  with 
previous  theoretical  studies  of  the  GoAs  (HO)  surface  is  given  in  Ref.  [lA]. 
The  primary  additional  features  are  (i)  the  states  through  A-  and  Cj 
through  (in  the  notation  of  Ref.  [7])  were  located  as  bound  states  or 
resonances  at  all  planar  wavevector  ’  along  the  sysitietry  lines  of  the  surface 
Brillouin  zone,  and  (ii)  two  "new"  resonances,  '  and  were  found.  (The 
branch  Aj'  was  reported  in  Refs.  [5]  and  174],  but  not  in  the  other 
theoretical  studies.  Tne  branch  A2'  had  not  been  pi^eviously  reported.)  The 
discovery  of  this  additional  resonant  structure  is  apparently  due  to  an 
improved  technique  for  calculating  bound  states  and  resonances  —  the 
"effective  Hamiltonian"  technique  [14]. 

In  Fig.  7,  the  theoretical  dispersion  curves  of  Seres  et  al.  [14]  are 
shown  for  the  (110)  surface  of  ZnSe,  together  ^nth  the  measured  surface  state 
energies  reported  by  Ebina  et  al.  (11).  Again,  the  agreement  between  theory 
and  experiment  is  quite  satisfactory,  being  a  fev:  tenths  of  an  eV  near  the 
band  gap,  and  larger  for  more  ^i.Gcant  states.  Some  apparent  discrepancies  [11] 
between  experiment  and  previous  theory  were  found  to  be  resolved  by  a  more 
complete  treatment  of  the  resonances,  using  the  approach  described  above. 

Surface  state  dispersion  relations  have  also  been  calculated  for  GaP, 
GaSb,  InP,  InAs ,  InSb,  AtP,  A2,As,  AtSb,  and  ZnTe  [14]fl5][16][17].  In  none  or 
the  dlrecc-gap  matarials  were  intrinsic  surface  states  found  within  the  band 
gap.  GaP,  however,  was  found  to  have  a  band  of  unoccupied  surface  states  that 
overlaps  the  fundamental  band  gap  and  extends  below  the  bulk,  conduction  band 
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edge*  This  '  is  in  accord  with  the  experimental  facts:  of  these  semiconductors 
only  Gap  has  surface  states  in  the  gap  [18] [69] [70] 171] [ 7J J .  Of  the  remaining 
indirect-gap  materials,  the  theory  indicates  that  intrinsic  surface  states  may 
be  observable  near  the  top  of  the  band  gap  in  the  indirect-gap  At-V  coGii.ounds 
[16],  although  the  theory  is  not  sufficiently  accurate  to  predict 
unequivocally  chat  the  states  will  lie  within  the  gap. 

b)  Si  (100)  (2x 1)  intrinsic  surface  states 

After  many  years  of  intensive  study  by  numerous  groups,  there  is  still 
controversy  over  the  geometrical  structures  of  Che  most  thoroughly  studied 
semiconductor  surfaces:  Si  (100)  (2x1)  and  Si  (111)  v,2xl),  for  example,  four 
groups  have  recently  given  arguments  for  antif erromagnecic  ordering  of  Si 
(111)  surfaces  [75],  whereas  Pandey  has  proposed  replacing  the  conventional 
buckling  model  [76] [77] [78]  of  Si  (ill)  (2x1)  by  a  (ilO)-like  chain  model 

[79] . 

In  the  case  of  3i  (100),  arguments  have  recently  been  presented 

[80]  [81] [82]  against  the  (2x1)  asymmetric  dimer  model  of  Chadi  [83].  (In  the 
asymmetric  dimer  model,  adjacent  rows  of  surface  aeons  dimerize,  forming  a 
pattern  of  paired  atomic  rows  the  surface.)  The  most  telling  of  these 
arguments  involves  Che  apparent  disagreument  between  angle-resolved 
photoemission  measurements  of  the  surface-state  dispersion  curves  [6A][65]  and 
theoretical  calculations  of  these  dispersion  curves  with  conventional  models 
of  the  electronic  structure  as  applied  to  the  asymmetric  dimer  geometry 
(83j[8A]. 
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Very  recently,  two  new  calculations  have  been  performed  independently 

with  improved  models  of  Che  electronic  structure  [85] 186).  The  same  conclusion 

was  reached  in  botK'  of  these  studies:  the  electronic  structure  calculated  for 

the  asymmetric  dimer  model  is  in  agreement  with  the  measurements .  This  is 

illustrated  in  Fig.  8  (taken  from  Ref.  [48]),  where  both  the  theoretical  band 

width  of  0.65  eV  and  the  detailed  variation  with  the  planar  wavevector  k  are 

seen  to  be  in  excellent  agreement  with  the  experimental  dispersion  curves.  In 

addition,  there  is  quite  satisfactory  agreement  between  the  theoretical 

\ 

surface  band  gaps  and  the  0.6  eV  gap  nieasured  by  Monch  et  al.  [87]. 

IV.  Surface  core  exciton  states 

The  same  calculations  that  predict  native^-def ecc  surface  deep  levels  for 
the  Schotcky  barrier  problem  also  yield  surface  core  exciton  energies,  because 
the  optical  alchemy  or  Z+1  rule  states  that  the  H jalmarson-Frenkcl  core 
exciton  energies  are  the  energies  of  "impurities*'  that  are  immediately  to  the 
right  in  the  Periodic  Table  of  the  core-excited  atom  [23] [24].  Thus 
core-excited  Ga  produces  a  "Ge  defect"  and  core-excited  In  yields  "Sn." 

In  Figs.  9  and  10,  the  theoretical  exciton  energies  for  the  (110) 
surfaces  of  the  Ga-V  and  In-V  compounds  are  compared  with  experiment  [88). 
Notice  that  the  experimental  and  theoretical  exciton  levels  for  InAs  and  InSb 
lie  above  the  conduction  band  edge,  as  resonances  rather  than  as  bound  states. 
In  the  present  theory  this  result  has  a  simple  physical  interpretation:  Like  a 
deep  impurity  state ,  the  H jalmarson-Frenkel  exciton  energy  is  determined 
primarily  by  the  high-density-of-states  regions  of  the  bulk  band  structure. 
There  i s  only  a  small  density  of  states  near  the  low-lying  direct  conduction 
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band  oiniffluiri  (corresponding  to  Che  T-point  of  the  Brillouin  zone),  but  a  large 
density  of  states  near  the  higher,  indirect  X  minima.  Thus  the  conduction  band 
minimum  near  V  has  relatively  little  influence  on  the  position  of  the  exciton. 

The  surface  Hjalnarson-Frenkel  core  excitons  liave  also  been  calculated 
for  the  (110)  surface  of  ZnSe  and  ZnTe  (89]  and  are  in  good  agreement  with  the 
measurements  (90) •  We  conclude  that  the  present  theoretical  framework  does  a 
good  job  of  explaining  the  basic  physics  of  the  "deep**  Hjalmarson-Frenkel  core 
excitons,  whether  bound  states  o'r  resonances* 

V.  Unified  picture 

Thus  one  interlocking  theoretical  framework  successfully  predicts  the 
correct  physics  of  (i)  surface  deep  impurity  levels  and  Schottky  barrier 
heights,  (2)  intrinsic  surf;-ce  states,  and  (3)  Hjalmarson-Frenkel  core  exciton 


states* 
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FIGURE  CAPTIONS 

Fig.  1.  Schematic  illustration  ol*  Fermi-level  pinning.  Band  edges  of  the 
bulk  semiconductor,  the  semiconductor  surface,  and  the  Fermi  energy  of  the 
metal,  the  surface  of  the  semiconducior ,  and  the  vsemiconductor  are  all  shown 
as  functions  of  position.  The  Jowest  energy  surface  defect  level  that  is  not 
fully  occupied  (before  charge  is  .Allowed  to  flow)  is  denoted  by  an  open 
circle.  This  level  a:,d  the  Fermi  levels  of  the  n-type  semiconductor  and  the 
metal  align.  ' 

Fig.  2.  Surface  Fermi  energy  of  n-type  In?  versus  heat  of  reaction  of  InP 
with  the  metals  Ni ,  Fe ,  AX,  Cu,  Ag,  and  Au,  extracted  from  data  of  Ref.  (28), 
assuming  Fermi-level  pinning.  The  theoretical  Fermi-]  ^^vel  pinning  defect 
levels  for  the  surface  P-vacancy  (Vp),  ti'.e  native  antisite  defects  (Inp  and 
Pin),  and  the  extrinsic  impurities  S  on  a  ?-site  (Sp)  and  Sn  on  a  surface  In 
site  given  at  the  right  of  the  figure.  The  n-In?  data  can  be 
interpreted  as  follows:  non-reactive  metals  produce  only  antisite  detects  as 
the  dominant  defects;  reactive  metals  and  treatment  of  the  surface  with  oxygen 
and  Cl  produce  P-vacancies.  Treatments  with  Sn  and  S  produce  surface  and 
Sp  as  dominat  defects,  respectively. 

Fig.  3.  The  totally  symmetric  (a^)  levels  for  a  bulk  Si  vacancy, 
surrounded  by  one  SI  atom  and  three  X  atoms,  as  a  function  of  the  defect 
potential  V,  norma.lized  to  the  Ni  defect  potential,  after  Ref.  (^6).  For  V=0, 
the  X  atoms  are  Si;  for  che  X  atoms  are  lii.  The  parent  levels  of  the 
isolated  Si  vacancy  are  shown  for  V=0.  The  experimental  Kermi-level  pinning 
position  for  NiSi-)  extracted  from  the  data  of  G.  Ottaviai'.ai  ,  K.  N.  Tu ,  and  J. 
W*  Mayer,  Phys.  Rev.  32^ ,  3354  (1931)  are  dt.*noced  by  a  dot  with  3  label  NiSi,. 
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Fig.  4.  One  type  of  interfacial  vacancy  "sheltering"  a  Si  dangling  bond, 
after  Ref.  (46).  The  geometry  is  that  determined  for  the  NiSi2/Si( 1 1 1) 
interface  determined  by  D.  Cherns,  G.  K.  Anstis,  J.  L.  Hutchison,  and  J.  C.  H. 
Spence,  Phil.  l’!ag.  A46,  849  (1982). 

Fig.  5.  Predicted  dependence  of  Schottky  barrier  height  on  alloy 
compositions  x  and  y  of  alloys  compared  with  data, 

after  P.ef.  [88]. 

Fig.  6.  Predicted  surface  state  dispersion  curves  E(It)  for  surface  bound 
states  (solid  lines)  and  surface  resonances  (dashed  lines)  at  the  relaxed 
(110)  surface  of  GaAs,  after  Ref.  (14).  Tlie  energy  is  plotted  as  a  function  of 
the  planar  wavevector  K  along  the  symmetry  lines  of  the  surface  Erillouin 
zone,  shown  on  the  right.  The  labelling  is  the  same  as  that  of  Chelikowsky  and 
Cohen  (Ref.  [7]),  with  A^  A2,  Cp  and  C9  mainly  s-like,  and  A-j  A^,  A^,  C^,  and 
mainly  p-like.  A^  and  are  the  "dangling-bond"  states.  A-j,  A^',  and 
are  largely  associated  with  in-plano  p-orbitals  in  the  first  and  second 
layers.  The  character  of  each  state  varies  somewhat  with  the  planar  v;avevector 
It,  and  represents  an  admixture  of  all  orbi^-ls.  The  widths  of  the  resonances 
are  typically  0.5  to  1.^  eV,  but  in  some  cases  ere  smaller  than  0.1  eV  or  as 
large  as  2.0  to  5.0  eV.  The  dots  follow  the  continuous  disperson  curves 
inferred  by  Huijser  et  al.  (Ref.  (66))  for  the  "clear"  and  "weak"  experimental 
features.  The  open  squares  represent  the  states  observed  by  Williams  et  al. 
(Ref.  [65]).  The  data  reported  in  Kefs.  [64]  and  [6]  are  consistent  with  those 


shown  here. 


Fig*  7*  Predicted  energies  of  surface  bound  states  (solid  lines)  and 
surface  resonances  (dashed)  for  the  (110)  surface  of  ZnSe,  as  function  of  the 
planar  wavevector  tc=(kpk2),  after  Ref.  [15J.  T\\e  surface  Brillouin  tone  is 
shown  on  the  right;  7  is  the  origin,  k=(0,0).  Die  bulk  bands  are  shaded. 

and  E  are  the  valence  and  conduction  band  edges .  The  experinental  features 

c 

identified  with  bound  and  resonant  surface  states  in  Kef.  [11] >  along  the  two 
symmetry  lines  TX'  and  XT,  are  indicated  by  tlio  dotted  lines. 

Fig,  8.  Dispersion  curves  f^r  surface  states  and  surface  resonances  at 
the  (100)  (Z^^l)  surface  of  Si,  after  Kef.  [65].  The  energy  E  is  shown  as  a 
function  of  the  planar  wavevector  around  the  symmetry  lines  of  the  surface 
Brillouin  cone.  Solid  lines  represent  results  of  the  present  calculations; 
dashed  lines  are  the  measurements  of  K*  I.  G.  Lfhrberg,  G.  V.  Hausson,  J.  M. 
Nicolle,  and  S.  A,  Flodstrom,  Phys.  Rev.  324 ,  4684  (1981);  and  the  dotted  line 
is  the  measurement  of  F.  J.  Himpsel  and  D.  E.  Eastman,  J.  Vac*  Sci.  Technol. 
16 ,  1297  (1979),  w*hich  were  taken  from  7  to  J'  along  the  (010)  dir'^ction, 
rather  than  along  the  symmetry  line  7  to  J'*  and  are  the  Si  valence  and 
conduction  band  edges. 

Fig.  9.  Predicted  and  observed  Ga  3i  core  surface  Frenkel  encitons 
(double  lobes)  for  GaAs,  CaSb,  and  GaP,  after  Ruf*  [32].  Tl^e  lower  unoccupied 
surface  states  (Ref .  { 13]  ( 14  ] )  are  reprosented  by  closely  spaced  horizontal 
lines.  and  are,  respectively,  the  top  of  t*ne  valence  band  and  the  bottom 
of  the  conduct  ion  band.  The  e:tperimental  results  here  and  in  Fig.  7  are  those 
of  Eastman  aud  co-*wQrker.s  (D.  E.  r^astcian  and  J,  L.  Freeouf,  prl  3^,  1601 
(  1974);  1624  (  1975);'  W.  Gudat  and  D.  E.  Eastman,  J.  Vac.  Sci.  Technol.  1 3 , 
831  (  1976);  D.  E.  Eastman,  T.-'C-  Chiang,  ?.  Heimann,  anf  F.  J.  Himpsel,  prl 
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Fig.  iO.  Predicted  and  observed  In  4d  core  surface  Frenkel 
InAs,  InSb,  and  In?,  after  Ref.  (32). 
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The  energy  band  gaps  and  substitutional  deep  impurity  levels  of  metastable  alloys  Gc;jSnt_,  arc 
predicted.  As  a  functior.  of  decreasin;^  alloy  composition  x  the  indirect  band  structure  of  semicon¬ 
ducting  Ge  first  becomes  direct  (indicating  that  Ge^^Sni.;,  may  have  applications  as  an  infrared 
detector)  and  then  metallic.  Doping  anomalies  commonly  occur  as  x  decreases.  Between  x  ^OA 
and  X  =0.8,  the  Gunn  effect  should  occur. 


In  this  paper,  we  pi  edict  the  band  gaps  and  Si!bstitu- 
tional  defect  levels  for  alloys  of  germanium  and  tin: 
Ge^jSni^^.  These  materials  are  normall)  immiscible  for 
most  compositions  when  grown  under  equilibrium  condi¬ 
tions,  but  have  been  grown  in  substitutional,  crystalline 
metastable  states  for  compositions  ,v  >0.78  using  non¬ 
equilibrium  growth  techniques.*'^  Wuh  increasingly  so¬ 
phisticated  growth  techniques,  we  anticipate  that  mela- 
stable  GCjjSni^jj  alloys  will  soon  be  available  for  a 
greater  range  in  x.**  One  purpose  of  this  paper  is  to  out¬ 
line  the  electronic  structure  of  these  new  alloys,  and  to 
suggest  that,  for  a  restricted  range  of  all  ly  compositions, 
they  should  support  Gunn-eflect  oscillations.  Hence  we 
hope  to  stimulate  efforts  to  grow  these  materials. 

Germanium  is  an  indirect-gap  material,  the  fundamen¬ 
tal  energy  band  gap  occurring  at  the  L  point  of  the  Bril- 
louin  zone  (k  =  (2r/o/, )( T.T»y ))»  with  a  magnitude  of 
0.76  cV  at  low^  temperature.  Tin  is  a  semimetal,  a  ma¬ 
terial  with  no  band  gap;  its  valence  and  co»iduciion 
bands  overlap  at  the  P  point  (k-^(0,0,0)).  We  predict 
Ge,Sn,«^  to  have  a  fundatr  mtal  band  gap  that  varies 
from  zero  to  0.76  eV  as  a  function  composition  «v. 


the  Vogl  parameters  is  that  thc\  incorporate  chemical 
trends,  so  changes  in  the.se  parameters  as  the  semicon¬ 
ductor  composition  varies  are  rather  well-beiiaved  func¬ 
tions  of  changes  in  atomic  energies  and  bond  lengths. 
The  Vogl  model,  in  its  published  form,  is  !.*ckiiig  two  in¬ 
gredients  essential  to  a  proper  treatment  of  GejjSni^j^  al¬ 
loys:  li)  spin-orbil  spliiling  (which  is  important  for  the 
large-Z  Sn  atom),  and  (ii)  st.ond-nearest-neigh’»or  pa¬ 
rameters  (which  are  needed  to  correctly  ^:mulatc  the  rel¬ 
ative  conduction  .and  minimum  near  point  L  along  A). 
The  spin-orbii  etleot  has  been  incorporated  by  a  number 
of  authors;  we  share  common  notation  with  Rc^.  8. 
Similarh.  the  second-neignbor  interactions  oen  be  incor¬ 
porated  r.:>  they  were  for  Sit^^Ge^i  alloys  b>  Newman 
and  Dow  ’  The  resulting  Hamiltonian,  in  a  basis  of 
tight-binding  states  of  wave  vector  k,  is 

Ws  0  //,:  //;, 

//,  0  • 

//„  H,,  0  //^ 


L  BAND  STRUCTURES 


w'here  //,  is 


The  energy  bands  of  Ge,Sn|^jj  alloys  were  predicted 
usinp  the  virtual-crystal  appro.ximaiion  and  a  second- 
nearest-neighbor  light-binding  model  of  the  Roster-  * 

Slater  lype.^  The  parameters,  for  a  firsi-nearest-neighbor  I  ^ , 

light-binding  Hamiltonian,  are  taken  to  be  those  of  Vogl 
et  aL,^  which  are  known  to  reproduce  vu!cnce-bapd  \s]) 

structures  and  the  pri.ncipal  features  of  the  lowest  con- 
duction  bands  for  all  zinc-blende  and  diamond  covalent 
semiconductors.  An  impuriani  and  nontrivial  feature  o^  and  Up  is 
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We  have  used  the  notation  of  Kobayashi  ei  gI}  for  all 
nearest-neighbor  parameters.  The  second-neighbor  pa¬ 
rameters  are  W',p=4(5»a.O|//o  Ip.a.dj).  where  d2  is 
the  displacement  vector  of  a  second  neighb.»r.‘^ 

The  first-neighbor  parameters  for  Ge  and  Sn  were 
filled  to  the  band  structures  of  Chelikowsky  and  Cohen^ 
using  the  method  of  Kobayashi  et  The  second- 
neighbor  parameters  were  fit  to  the  condu-^tion-band 
edge  at  the  L  point  using  the  same  band  structures.  All 
parameters  are  given  in  Table  1. 

By  diagonalizing  *  'is  Hamiltonian,  we  obtain  the  band 
structures  of  Ge  and  Sn,  which  are  in  good  agreement 
with  the  pseudopoicatial  band  structures  of  Chelikowsky 
and  Cohen. ^  (See  Figs.  1  and  2.)  To  obtain  the  virtual- 
crystal  band  structures  of  Ge^Soj.^  alloys,  we  first  aver¬ 


age  the  parameters  of  Ge  and  Sn  as  follows:  on-site  pa¬ 
rameters,  jc (GeJ-f ( 1 -.«)(Sn];  oiT-diagonal  parameters, 
{x  [Ge](u(Ge)|‘-f  ( 1  — ;i:)[Sn]|u  (Sn)|*)ju  (x)|  ■*“;  where 
(Ge)  and  [Sn]  are  typical  bulk  Hamiltonian  parameters 
of  Ge  and  Sn,  ^(Ge*  and  i7(Sn)  are  tne  lattice  constants 
for  Ge  and  Sn,  respectively,  and  we  assi^me  Vegard's 
law: 

a(.x!=;cu{Ge)-r(l-^)t?(Sn)  . 

This  averaging  procedure  is  a  virtual-crystal  app’-oxima* 
tion,  and  is  valid  because  the  Onodera-Toyozaw'a^^  ratio 
for  Ge,Sn|_j(  is  considerabj>  less  than  0.1  for  the  con¬ 
duction  and  valence  bands.  This  ratio  is  the  'Mlfeo'nce  6 
in  on-siie  energies  of  the  two  constituent  materials  divid- 
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TABLE  I.  Sn  and  Ge  tight-binding  parameters  (in  eV,  ex¬ 
cept  d,  which  is  in  A).  We  have  added  second-neighbor  pa- 
rameters  to  fit  the  gap  at  the  L  point.  The  notation  is  that  of 
Kobayashi  et  al.  (Ref.  8). 


Ge 

Sn 

Et 

-5.8800 

-5.8800 

1.5533 

1.1733 

k 

0.0967 

0.2667 

6.3900 

5.9000 

-6.7800 

-5.4600 

U.. 

1.6500 

1.4400 

4.8416 

3.9042 

4.9520 

^4.0172 

U  . 

4.5030 

'  3.6459 

*  P 

W'p.' 

0.1352 

0.1229 

d 

2.45 

2.81 

Additional  scconJ-ncighbor  matrix  elements 

where 

=  sin(  kjfO  /2  )s\nik^a  /2 )  -f  /  sin(  k^a/2  )sin(  k,a/2) 
g 7  =  sin( A:, a /2 }sin( /2 )  —  i  sin( k^a/2 )sin( A, a /2 ) 
gj  =s  sin(  /2  )sm(  A,a  /2) 


ed  by  the  bandwidth  ^  of  the  associated  band.  For 
Ge^jSnj^^i  the  larger  of  the  differences  5  of  s  and  p  on^* 
site  energies  is  0.38  eV.  The  conduction-  and  valence- 
band  widths  of  Sn  are  11.34  and  5.72  eV,  respectively. 
(The  bandwidlhs  of  Ge  are  comparable  )  In  this  case»  for 
Ge^Snj^;j  we  have  6/H^^0.02  for  the  valence  band  and 


FIG.  2.  Band  structure  of  Sn  (solid  lines)  in  comparison 
with  the  results  of  Ref.  5  (dashed  lines). 


B/IVSO.07  for  the  conduction  band.  These  materials 
satisfy  the  cnierion  as  well  a.">  or  better  than  alloys  of 
GaAs  and  GaP, 

The  resulting  vinual-crystal-app"  ’mation  band 
structures  of  Ge^Snj^*  are  displayed  in  Figs.  3,  4,  and  5 
for  X  —0.25,  0.5,  and  0.75,  respectively. 

Figure  6  displays,  as  functions  of  alloy  composition  x, 
the  principal  virtual-crystal  band  gaps  at  point  f,  point 
L,  and  poin"  X  [ks=(2rr/o)(  1,0,0)),  and  A  (A  is  the 
wave  vector  of  the  local  minimum  in  the  conduction 
band  along  the  (IIX))  direction;  point  L  is  a  local 
minimum). 

Interesting  features  of  Fig.  6  are  (i)  that  a  direct  (D- 
to-indirecl  (I)  crossover  is  predicted  near  xcsrO.S.  (ii) 
the  alloy^s  fundamental  band  gap  is  nonzero  for  x  >0.4, 
jnd  (iii)  the  level  at  f  is  lower  in  energy  than  the  level  at 
L  for  X  <0.3.  This  means  that  will  be  semi- 

metallic  for  X  <0.4,  a  semiconductor  with  a  direct  gap 
for  0.4 <x  <0.8  (and  hence  a  potential  infrared  detector 
or  light  emitter),  and  a  potential  Gunn  oscillator  for 
0.4  <x  <0.3.  (See  below J  For  x  >0,8,  Ge;5Snj_;j  is  an 
indirect-gap  semiconductor. 


L  r  xu.K  r 

K 


FIG.  1.  Band  structure  of  Ge  using  the  present  theory  'solid 
lines)  compared  to  the  pseudopoteniiai  results  of  Chehkowsky 
and  Cohen  (Ref  5)  (dashed  lines). 


L  r  ,  X  U.K  r 

k 


FIG.  3  Band  structure  of  meiasiable  Gey  mSoq 
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IL  DEEP  IMPURITY  LEVELS 
A.  Genera] 

The  deep  impurity  levels  are  computed  following  the 
general  approach  of  Hjalma'^^on  ei  Because  of  the 

chemical  trends  in  the  matrix  elements,  a  defect  poten¬ 
tial  matrix  can  be  constructed  rather  easily.  For  substi¬ 
tutional  defects  that  have  the  same  bond  length  as  the 
host  atoms  they  replac**,  the  matrix  in  a  basis  of  local¬ 
ized  orbitals  centered  at  the  defect  site  is 


lEs) 

lEy) 

^6) 

0 

0 

’-i) 

0 

,3/2  _  3/2 

0 

El) 

0 

l/2_  1/2 

where  e  is  the  on-site  energy'^  of  the  host  ih)  or  impuri¬ 
ty  (/).  Note  that  the  state  is  5|/2-Iike,  the  E;  state  is 
p-  .j-like,  and  the  Ef^  state  is  p3/2-like. 

The  effects  of  lattice  rel';xation  around  the  defect  and 
bond-length  changes  can  be  incorporated  by  'noting  that 
the  off-diagonal  matrix  elements  of  the  Hamiltonian*^ 
scale  as  the  inverse  square  of  the  bond  length.  Here  we 
neglect  such  lattice  relaxation  effects  because  (i)  they  are 
small,  of  order  0.1  eV,  on  the  energy  scales  of  relevance 


L  r  ,  X  U,K  r 

k 


FIG  5.  Band  structure  of  mciastable  Gco  r^Sno 


6e  1-xSnx 


FIG.  6.  Predicted  lowest  conduction  bands  at  F.  L,  and  X 
(the  valence  band  ;s  shaded)  vs  ailo*  composition  x  for 
GCjjSni.,.  The  band  gap  vanes  from  2<ro  for  a:  =  0.4  to  0.76 
eV  for  pure  germanium.  This  covers  energies  corresponding  to 
infrared  light.  The  Gunn  effect  should  c^cur  for  0.4  <a:  <0.S 
because  the  high-mobiiit>  Iow-cffective-ma*s  F  minimum  lies 
below  the  low-mobility  L  r.iinimam.  For  jc  4  the  alloy  is 
predicted  to  have  zero  gap. 


to  the  deep  impurity  problem  —namely,  the  —  10-eV 
bandwidths,  and  the  —  1-10-eV  scale  of  the  defect  po¬ 
tential,  and  (ii)  we  are  exploring  the  global  chemical 
trends  in  the  defect  levels  rather  than  attempting  to  pre¬ 
dict  with  precision  the  energy  levels  of  a  specific  defect 
in  a  single  host — while  the  physics  of  the  unrelaxed 
deep  levels  may  exhibit  well-defined  trends,  the  lattice 
relaxatior  may  be  governed  by  different  chemistry  which 
might  obscure  the  trends  in  the  unreiaxec  deep  levels. 
Introducing  the  Green’s-function  operator 

G(£)=.(£-//o)"'  . 

where  the  energy  E  is  to  be  interpreted  as  having  rn 
infinitesimal  positiNe  imaginary  pan  when  it  lies  in  a 
host  band,  the  Schr.idinger  equation  for  (lie  deep  level 
eigenvalues  E  is 

and  leads  to  the  secular  equation 
det(l-(7F)  =  0  . 

Here  //,  i.s  the  host-crystal  Hamiltonian,  VbH  —Hq  is 
me  defect  matrix,  and  .  is  the  unit  matrix  Invoking  the 
diamond-crystal  symmetry  of  virtual-crystal  Gc^Sn}_jj, 
he  secular  equations  reduce  :o  the  sc.  ar  equation 

for  the  doubly  degenerate  ^./^-like  E^  level, 

\/Vi,2^G,iE] 

for  the  doubiv  degenerai.^;  i  ^-hke  £7  levels,  and 
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for  the  fourtbld'Jcgcncrate  levels.  Here  <7^, 

G:,  and  G5  arc  Green's  functions  for  £7,  and  £5 
symmetry,  and  are  defined  as  follows: 


G,SE)='^  f  dk'‘ 


i  (/'.k.n  ‘l-.k.n)]- 

E-E./.k' 


where  £,(k »  is  the  'ith  eigenvalue  at  vavc  v-  cior  k  and 
>  IS  the  nih  ezgenvccior  at  k  with  /  =Sz^,  P;/2, 
or  pi  ‘2  the  ^6*  ^5.  0^  symmetry,  respectively. 
The  matn.x  elements  k'/  are  deduced  from  the  chemical 
"end: 


where  and  JtVh<n;  are  atomic  energies  for  the  im¬ 
purity  and  host  atoms,  respectively,  /  =Si/2'  P3/2»  o*" 
/?/=0.S  for  /=5,/2,  and  0.6  for  I -pm  o*" 
P3,2.  Wehave  K3,2  =  r,/2  =  ^^p. 


B.  Deep  levels 

The  predicted  substitutional-impurity  deep-level  ener¬ 
gies  F  in  the  fundamental  band  gap  obtained  by  solving 
the  secular  equations  for  Ge;rSni.jj  are  given  in  Figs.  7 
and  8  for  levels  of  £^,,  £-,  and  £3  symmetry,  respective¬ 
ly.  The  levels  found  f  'r  Ge  are  in  generally  good  agree¬ 
ment  with  what  IS  known  about  deep  impurities  in  that 
material.  The  results  of  this  model  are  comparable  with 
those  of  other  theories.*'*  '^  some  of  which  are  much 
more  compiicaied.  For  c’fample,  we  calculate  the  vacan¬ 
cy  £3  level  to  be  0.24  eV  above  the  valence-band  edge, 
compared  to  a  range  from  0.04  to  0.66  eV  for  other 
theories.^  Wc  estimate  the  uncertainty  in  our  theory  to 
be  a  few  tenths  of  an  eV.  comparable  with  the  claimed 
0.2-eV  uncertainty  for  self-consistent  pseudopotential 
calculations.'^  In  Table  II  we  compare  the  present 


FIG.  7.  Predicted  substitutional  deep  impurity  levels  in 
Ge,Sni  of  ^-s-like)  symmetry  as  a  function  of  composition 
X  The  zero  of  energy  is  the  valence-band  edge.  The 
conduction-band  »  .es  ai  F  and  L  are  shown  Impurity  levels 
in  the  for  pure  Ge  are  driven  into  the  conduction  band  as 
X  decreases.  Occupancies  of  the  neutral  impurity  states  are 
shown  on  the  right;  electrons  are  solid  circles  and  holes  are 
open  circles.  An  extra  electron  (denoted  by  -O)  woulJ  occu- 
ps  a  state  near  the  conduction-oand  edge 


FIG.  8.  Predicted  siibstii  itional  impurity  deep  levels  in 
Gc.Snj.i  of  E:  p:  ^-hke)  and  £%  fpi/2-i:kc?  symmetry  as 
functions  of  composition  x.  The  levels  arc  plotted  relative  to 
the  valence-band  edge.  Occupancies  of  'he  states  arc  shown; 
electrons  arc  solid  circles  and  holes  arc  open  circles.  The 
conduction-band  edges  at  F  and  L  arc  shown.  Impurity  levels 
in  the  gap  for  pure  germanium  arc  driver,  into  the  conda^iion 
band  as  .x  decreases. 


theory  with  e.xperiment.  The  deep  energy  levels  for  S, 
Se,  and  Te,  all  from  column  VI  of  the  Periodic  Table, 
show  a  definite  trend  to  higher  energies  for  the  series  S 
to  Se  to  Te.  Tliis  trend  is  due  to  a  reduction  in  the  mag¬ 
nitude  of  the  atomic  orbital  energies  for  the  valence 
electrons  of  these  impurities,  hence  the  defect  potential 
weakens.  The  trend  is  present  both  in  theorv  and  in  e.x- 
periment.  While  the  predicted  level  for  S  precisely 
matches  experiment  (accider:aliy  good  agreement  for  a 
theory  with  an  uncertainty  of  a  few  tenths  of  an  eV).  the 
theory  also  agrees  with  the  data  for  Se,  and  places  the 
Te  deep  level  just  above  the  conduction-band  minimum, 
while  the  data  reveal  a  !c.el  of  0.1  eV  below  the  band 
edge  (within  the  uncertainly). 

C.  Doping  anomalies 

As  the  band  gap  decreases  with  increasing  Sn  compo¬ 
sition.  the  deep  levels  lying  in  (he  fundamental  band  gap 
of  Ge  pass  mto  either  the  conduction  band  or  the 
valence  band  of  ihe  alley.  When  this  happens,  a  doping 


TABLE  11.  Comparison  of  our  calculated  deep  levels  (in  eV) 
in  Ge  with  experimental  values  taken  from  W  \V.  Tyler,  J. 
!'hys.  Chem.  Solids  8.  59  (1959)  The  Te  deep  level  .11  our 
theory  is  resonant  with  the  conduction  band  so  ground 
state  of  the  Te  impurity  has  its  ivo  extra  electrons  in  the 
efieciive-mass  shallow  levels. 


Impurity 

Deep  levels 
Present  theory 

Experiment 

S 

0  58 

0  58 

Se 

0  69 

0  62 

Te 

res<)nanl 

0  65 

56 
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anomaly  generally  occurs.  There  arc  cwo  lypcs  of  com¬ 
mon  doping  anomalies:  Cs)  deep-shallow  transitions, 
which  occur  when  a  deep  level  crosses  a  bmd  edge,  and 
(ii)  false  valences  that  result  from  a  deep  level  crossing 
the  fundamenial  band  gap. 

For  clarity  of  discussion,  we  shall  assume  that  the  pte- 
dicted  deep-level  energies  arc  precisely  correct,  while 
cautioning  the  reader  to  make  allowances  for  a  few 
tenths  of  an  cV  uncertainty  in  the  theory  due  to  neglect 
of  lattice  relaxation  and  charge-state  splitting  of  the  lev¬ 
els:*'*  for  example,  the  Hg  En  level,  according  to  Fig.  8, 
is  both  an  electron  and  a  hole  trap,  but  might  actually 
He  below  the  valence-band  maximum,  donating  its  two 
holes  to  the  valence  band  and  beroming  a  double  accep¬ 
tor.  (The  holes  are  then  trapped  by  the  long-ranged 
Coulomb  potential  in  shallow  acceptor  Icvels.l' 

/.  Deep-shallow  transitions 

All  impurities  with  deep  fevels  in  the  gap  for  Ge  un¬ 
dergo  a  deep-shallow  transition  as  the  Sn  composition 
increases.  For  example,  the  p5/2-like  Ek  Hg  level  is 
driven  into  the  valence  band  (Fig.  8),  wliiic  the  other 
deep  levels  are  driven  into  the  conduction  band  (Fig.  7.) 

When  the  Cl,  Br,  and  I  deep  Et  levels  pass  into  the 
conduction  band  with  decreasing  x,  the  electrons  that 
occupy  the  deep  levels  are  autoionized,  fall  to  the 
conduction-band  minimum,  and  then  are  trapped  in 
shallow  levels.  These  impurities  cease  being  deep  hole 
traps  (plus  single  donors)  and  instead  become  triple 
donors — the  status  they  wou.d  hold  in  a  naive  eflecti'  e- 
mass  theory  which  contained  no  deep  levels. 

Similarly  S  and  Sc  are  deep  (double-hole)  traps  in  Ge 
but  becon:e  double  aonors  for  smaller  .v  (see  Fig.  7).  N 
is  a  deep  (electron  and  hole)  trap  in  Ge,  but  becomes  a 
shallow  donor  for  x  <0.6.  The  Hg  £g  level  (raps  two 
electrons  and  two  holes  (if  the  theory  is  taken  literally) 
in  Ge,  but  Hg  become>  a  double  acceptor  with  increas¬ 
ing  Sn  content.  Final  \  the  vacancy,  which  is  a  deep 
trap  in  Ge  capable  of  capturing  four  electrons  or  two 
holes,  becomes  a  double  donor  when  both  of  us  levels 
enter  the  conduction  band  (but  is  only  a  hole  trap  when 
the  Eg  level  is  in  the  conduction  band  and  the  E-  level  is 
in  the  gap). 

2.  False  valences 

Substitutional  oxygen  displays  a  false  valence  of  zero 
with  respect  to  Sn  or  Ge,  instead  of  —2.  To  see  how 
this  happens,  consider  Fig.  9,  which  displ:*:s  the  predic¬ 
tions  for  substitutional  impurities  from  row  2  of  the 
Periodic  Table  in  Ge,  The  5-like  and  p-hke  levels  in  the 
condjction  band  of  Ge  for  a  coIumn-IV  defect  (O  move 
dov.  *  in  energy  as  one  move'*  to  the  right  in  the  Periodic 
Tabic.  The  9-Iikc  lcv»:i  lies  .n  the  gap  for  N,  but  crosses 
the  gap  into  the  Milence  band  for  oxygen  and  F  Simi¬ 
larly  the  p-like  El  and  levels  descend  into  the  gap  for 
F  Because  its  v-l'ke  deep  level  has  crossed  the  gap 
into  the  valence  band  and  contains  two  electrons,  neiitial 
oxvgen  produces  neither  a  dou-  c  don()»-  (cffecin e-mas- 
intuition)  nor  ieep  trap  Insicad  iK-utral  oxyge:!  is  ii. 
eri,  neither  trapping,  nor  donating,  nor  .iccepiing  dec- 


FIG.  9-  Predicted  deep  levels  for  substitutional  impurities 
from  row  2  of  the  Periodic  Table  in  Ge.  Impurities  to  the 
right  of  C,  namely  N,  O,  and  F,  arc  not  donors  (counter  to  in¬ 
tuition).  N  and  F  arc  traps,  while  O  is  inert.  B  and  Be  arc  ac¬ 
ceptors,  C  is  inert,  and  Li  and  the  vacancy  trap  both  electrons 
and  holes.  Levels  in  the  bands  are  not  to  scale. 


irons.  It  has  a  false  valence  of  zero  with  respect  to  Ge. 

Similarly  F  has  a  false  valence  of  —1  instead  of  —3, 
and  also  has  a  deep  level  in  the  gap  of  Ge.  There  are  no 
false  valences  for  impurities  on  the  left  side  of  the 
Periodic  Table,  because  the  filled  5-  and  p-like  stales  in 
the  valence  band  move  up  in  energy,  and  cross  into  the 
gap  for  the  vacancy  levels  (Fig.  9). 

III.  GUNN  EFFECT 

Gunn  osciHalions*'**®  result  when  electrons  can 
transfer  from  a  high-mobiliiy  region  of  the  Brillouin 
zone  to  a  low-mobiliiy  region.  The  mobility  is 

=  |e  I  r/m*  , 

where  e  !S  the  electron’s  charge,  and  m  *  is  the  electronic 


FIG  10  Predicted  cfTccUvc  elec  iron  masves  m  the  F  and  L 
valleys  vs  tompostiioij  x  The  mass  in  the  F  vailcy  is  smaller 
than  the  mass  of  ihc  L  vaMcv,  likely  resulting  in  a  larg''r  mobil- 
ily  for  dee  Irons  in  the  F  valles  The  Gunn  cfTccl  ma\  be  ob¬ 
served  for  ^  ^ X  ^08  The  minimum  in  ihe  mass  of  the  T 
V alley  (Kwurs  at  the  eompositioi.  where  energy  band  gap 
vanishes 
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effective  mass,  and  r  is  the  scattering  time  (due  to  pho¬ 
non,  impurity,  and  alloy  scattering!.  In  most  semicon¬ 
ductors  the  mobility  of  electrons  in  the  P  valley  of  'he 
conduction  band  is  considerably  higher  than  that  in  the 
L  or  X  valleys,  o  ving  to  the  very  light  effective  mass. 
We  hnd  this  to  be  the  case  for  Ge^Sni^,  (see  Fig.  7).’*^ 
The  effective  masses  produced  by  the  current  model  may 
be  in  error  by  as  much  as  a  factor  of  '0;  nevertheless, 
the  model  does  give  a  good  qualitative  idea  of  how  the 
mas.ses  vary  v/it.h  composition:  the  mass  of  the  P 
minimum  becomes  very  light  near  x  1^:0. 4,  as  the  alloy 
becomes  metallic  (see  Fig.  10). 

Gunn  devices  are  al>c)  known  tc  produce  coherent  ra¬ 
diation. As  the  potential  across  the  device  incibases, 
it  eventually  causes  transitions  to  the  low-mobility  state, 
and  then  the  electrons  slow  down  and  form  a  high- 
resistivity  domain  that  propagates  along  the  device. 
Most  of  the  potential  drop  is  over  the  small  domain. 
The  resulting  electric  fields  are  large  and  can  cause  im¬ 
pact  ionizrJtion,  generating  electron-hole  pairs.  As  the 
domain  passes  through  the  material,  the  electron-hole 
pairs  are  left  behind.  The  electrons  (holes)  fall  to  the 
conduction  (valence)  -band  edge  through  phonon  emis¬ 
sion.  The  pairs  undergo  radiative  recombination.  Such 


radiation  stimulates  further  recombination  and  light  is 
coherently  prcciuced.  It  is  an  unanswered  e.xperimental 
question  whether  such  effects  occur  in  Ge^Sn,_^. 

IV.  SU.MMARY 

In  summary,  we  hav-*  predicted  the  electronic  struc¬ 
ture  of  Ge^^nj_^  ailovN.  and  find  that  these  materials 
should  e.xhibit  interesting  properties  for  some  ranges  of 
composiiion  x,  including  direct  band  gaps  in  the  infrared 
and  band  structures  compatible  with  the  Gunn  effect. 
We  hope  that  this  work  will  stimulate  further  attempts 
ro  produce  electronic-grade  Ge^Sn,_j^  materials. 
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Theoretical  predictions  of  electronic  energy'  levels  associated  with  5-  and  p^bonded  substitutional 
point  defects  at  (110)  surfaces  of  InAs  and  other  III-V  semiconductors  are  presented  and 
discussed.  The  specific  defects  considered  for  InAs  are:  anion  and  cation  vacancies,  the  (native) 
antisite  defects  In^,  and  As,n ,  and  26  impurities.  The  predicted  suriace-defect  deep  levels  are  used 
to  interpret  Schottky  barrier  height  data  for  (a)  n-  and  /^-(InAsj  and  (b)  the  alloys  Al,  Ga,  _  As, 

GaAs,  In,  .^Ga^^P,  and  In,_^Gaj,As.  The  rather  ccmplicaied  dependence  of  the 

Schottky  barrier  height  ig  on  alloy  composition  x  provides  a  nontrivial  test  of  the  theory  (and 
competing  theories).  The  following  unified  microscopic  picture  emerges  from  these  and  previous 
calculations:  (1)  i-’or  most  III-V  and  group  IV  semiconductors,  Fermi-level  pinning  by  native 
defects  can  explain  the  observed  Schottky  barrier  heights.  (2)  For  GaAs,  InP,  and  other  III-V 
semiconductors  interfaced  with  nonreactive  metals,  the  Fermi-level  pinning  is  normally  due  lo 
antisite  defects.  (3)  When  InP  is  interfaced  v/ith  a  reactive  metal,  surface  P  vacancies  are  created 
which  pin  the  Fermi  level.  (4)  Impurities  and  defect  complexes  are  sometimes  implicated.  (5)  At 
Si/transition-metal-silicide  interfaces,  Si  dangling  bonds  pin  the  Fermi  level.  (6)  These  defects  at 
the  semiconductor/metal  interfaces  are  often  “sheltered"  or  “encapsulated.”  That  is,  the  states 
responsible  for  Fermi-level  pinning  are  frequently  “dangling-bond”  state:,  that  dangle  into  a 
neighboring  vacancy,  void,  or  disordered  region.  The  defects  arc  partially  surrounded  by  atoms 
that  are  out  of  resonance  with  the  semiconductor  host,  causing  the  defect  levels  to  be  deep-level 
pinned  and  to  have  energies  that  are  almost  independent  of  the  metal. 

PACS  numbers:  73.20.Hb,  73.30.  -f  y 


I.  INTRODUCTION 

In  this  paper  we  report  calculations  of  the  deep  leveir  asso¬ 
ciated  with  surface  s-  and  p-bonded  substitutional  point  de¬ 
fects  in  InAs,  and  we  show  how  these  results  fit  into  an 
emerging  unified  microscopic  picture  of  surface  deep  levels 
and  Schottky  barrier  heights  in  III-V  and  group  IV  semi¬ 
conductors. 

II.  DEFECTS  AT  THE  InAs  (110)  SURFACE 

The  calculations  we  report  employ  existing  and  well-es¬ 
tablished  techniques  for  treating  defects  in  semiconductors 
and  at  semiconductor  surfaces.*''*  Briefiy  staged,  the 
Green's  function  matrix  G  (£)  =  (£  —  //)''ofthe  host  semi¬ 
conductor,  with  a  (1  lO)  surface  relaxed  according  to  the  IT 
rigid-rotatio':  model,*’"'’  is  constructed  in  an  empirical 
nearesi-neighbcr  sp^s^  tight-binding  basis.*^*’  Because  the 
matrix  elements  of  the  empirical  tight-binding  theory  exhibr 
simple  dependences  on  the  orbital  energies  of  the  atoms  and 
the  bond  lengths  between  neighbors,  the  changes  in  tl.cse 
matrix  elements  due  to  a  defect  can  be  estimated  from  the 
known  atomic  orbital  energies  of  the  defect  atom  and  the 


(presumed  known)  lattice  distortion  around  the  defect.  Thus, 
a  defect  potential  matrix  can  be  censtru  ‘  is 

localized  to  the  impurity  site  and  a  small  number  of  j :  s  neigh¬ 
bors.  (In  practice  lattice  distortion  around  the  defect  has 
only  a  small,  ~0.2  eV,  effect  on  the  deep  levels  of  interest, 
and  so  we  neglect  it — making  a  diagonal  matrix  in  a  lo¬ 
calized  basis.)  The  resuming  eigenvriue  equation  for  the 
“deep”  energy  level  E  is 

det[l  -a(£)F^]  -0, 

whose  solutions  i:(FJ  are  given  in  Figs.  1  and  2  for  defects  at 
the  (1 10)  surface  of  InAs.  [To  plot  £  as  a  function  of  «  single 
variable  F,,  we  have  made  the  usual  approximations  for  the 
on-sitc  matrix  elements  of  the  5x5  matrix  (I)  the  s* 
uiagonal  element  and  all  ofl-diagonal  elen'jnts  vanish,  and 
(2)  the  thi  eep  diagonal  elements  are  equal  to  une  another  and 
half  of  the  5-diagonal  element  Details  of  the  calcula¬ 

tions,  whiv:h  are  identical  to  those  for  other  III-V  semicon¬ 
ductors,  ar  available  in  the  hic.  iiure.'"^  '*  It  should  be  em¬ 
phasized  that  this  theory  is  best  suited  for  predicting 
chemical  trends  in  the  energ*  leveis  of  different  impunties  in 
different  hosts,  rather  than  predicting  with  precision  ineab- 
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Fig.  1.  Deep  levels  for  impunties  on  the  In  site  within  an  inAs|  1 10)  surface 
layer  (solid  lines)  K,  is  the  impunty  potential  for  5  electrons  and  £,  are 
the  conduction  and  valence  band  edges.  The  curves  are  labeled  according  to 
the  panty  of  the  defect  stare  with  respect  to  the  ( 1 TO)  plane,  which  is  perpen¬ 
dicular  to  the  (110)  surface  plane  The  dashed  lines  give  the>4j(j-likc)  and  T, 
{ p-like)  levels  for  the  la  site  in  bulk  InAs. 


solute  energy  levels  themselves.  For  this  reason,  it  is  espe¬ 
cially  well  suited  for  treating  small  band-gap  semiconduc¬ 
tors,  because  a  knowledge  of  the  trends  can  compensate  for  a 
significant  theoretical  uncertainty  on  the  scale  of  the  band 
gap. 

The  predicted  surface  (solid  line)  and  bulk  (dashed  line) 
deep  levels  for  defects  at  the  As  site  in  InAs  are  given  in  Fig. 
1.  The  surface  or  bulk  deep  levels  of  a  specific  impunty  are 
obtained  (roughly*^)  by  dropping  a  venical  line  from  that 
impurity  (at  the  top  of  the  graph)  and  determining  its  inter¬ 
sections  with  the  solid  or  dashed  theoretical  curves.  For  ex¬ 
ample,  Zn  on  the  As  site  in  InAs  is  predicted  to  produce  a 
bulk  level  roughly  0.2  eV  above  the  valence  band  maximum 
and  a  surface  -f  parity  level  at  roughly  0.4  eV  (just  below  the 
conduction  band  minimum).  The  vacancy  levels  are  the  lim¬ 
its  as  00  of  these  curves. 
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The  electronic  occupancy  of  a  level  is  determined  by  not¬ 
ing  Its  origin  for  =  0  and  the  valence  difference  between 
the  impurity  and  the  host  atom.  For  example,  neutral  Zn  has 
three  fewer  electrons  than  As,  or  three  more  holes.  For  sur¬ 
face  Zn,  two  of  these  holes  go  into  the  uppermost  -f-  level, 
which  (with  increasing  from  zero)  emerges  f^'om  the  va¬ 
lence  band,  crosses  the  gap,  and  passes  into  the  conduction 
band.  The  third  hole  goes  into  the  second  -f  level,  which 
(for  F,  equal  to  the  value  appropriate  for  Zn)  lies  roughly  0.4 
eV  above  the  valence  band  maximrm  in  the  fundamental 
gap.  Thus,  the  only  deep  level  in  the  gap  of  neutral 
surface-Zn;^s  is  occupied  by  one  electron  and  one  hole.  Ne¬ 
gatively  charged  Zn”  at  the  surface  would  have  two  elec¬ 
trons  m  this  le\  jl,  A  similar  argument  for  the  bulk  Zn  level 
reveals  that  the  orbiially  threefold-degenerate  state  lies  in 
the  gap  and  is  occupied  by  three  electrons  and  three  holes 
when  the  defect  is  neutral. 

Similarly,  the  As  vacancy  corresponds  to  F,  — oo,  with 
five  holes  added;  i.e.,  the  As  site  atom  is  decoupled  from  the 
host'^  and  its  electrons  are  removed.  Thus,  three  electrons 
and  five  holes  “occupy”  all  the  levels  of  the  vacancy,  includ¬ 
ing  those  that  have  been  pushed  into  and  are  resonant  with 
the  conduction  band.  Electrons  are  unstable  in  resonant  lev¬ 
els,  so  they  spill  out  and  fall  to  the  conduction  band  edge. 
The  defect  then  becomes  a  shallow  donor,  with  levels  bound 
by  the  long-range  Coulomb  tan  of  the  potential  lomitted 
from  the  present  model)  Our  calculations  thus  predict  that 
the  As  vacancy  in  InAs  yields  only  shallow  donor  levels  in 
the  gap. 

We  can  estimate  the  energies  and  electronic  occupancies 
of  levels  in  the  gap  produced  by  the  various  defects  of  Figs.  1 
and  2  in  a  similar  way.  We  found  above  that  the  surface  .4s 
vacancy  produces  no  deep  levels  in  the  gap  (deep  being  de¬ 
fined  as  bound  as  a  result  of  the  central-cell  ’^ntial)  and 
instead  gives  shallow  donor  states  near  the  co  .action  band 
edge.  Similarly  the  neutral  surface  In  vacancy  produces  only 
a  deep  level  occupied  by  one  electron  and  one  hole  near  the 
conduction  band  edge,  at  approximaiv^ly'*  0.3  eV  The  sur¬ 
face  antisite  defect  In^s  produces  a  level  m  the  gap  at 
approximately^'  0.05  eV,  near  the  v  lience  band  maximum, 
which,  for  neutral  In.  is  occupied  by  two  electrons.  Surface 
and  bulk  As,^  produce  doubly  occupied  denor  states  near 
the  conduction  band  edge,  that,  within  the  theoretical  v.ncer- 
tainty,^  could  be  either  shallow'  or  deep  (at  crO.65  eV,  above 
the  conduction  band  edge,  for  the  sc -face,  producing  shal¬ 
low  donor  levels  in  the  gap). 

III.  SCHOTTKY  BARRIER  HEIGHTS 

The  energy  levels  of  the  native  defects  are  relevant  to  uc 
Schoitky  barrier  problem  According  to  Bardeen’s  theory  of 
Fermi-level  pinning  (m  simplified  form)  the  bulk  bands  bend 
so  that  the  Fermi  energies  of  the  surface  and  the  bulk  align. 
The  band  bending  forms  a  Schottk;  .v :  ner.  For  /i*  ‘ype  ( p- 
type)  InAs,  the  surface  Fermi  level  is  f»clieved  to  bv  deter¬ 
mined  by  native  defects  at  the  surface,  and  lies  near  the  level 
to  be  occupied  by  an  c'  »ra  electron  (hole). 

For  ^-/nAs  the  Scnotiky  height  is  approximately 

the  of  the  conduction  bund  edg  .'‘elatn  -tothe.owest 
emj  ty  :urfac'.  defect  level  —the  surface  Fermi  level.  Assum- 
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Fig  3  Schoitkybarncr  height  (ig  as  function  of  alloy  composition  for  Au 
contacts  to  ^-lype  AI,Ga;.,As,  GaAs,  _,P,,  In,_,GajP,  and 
In,  _^Ga,As  The  cxpcnmenia!  data  arc  those  of  J  S  Best,  AppI  Phy*;. 
Lett  34,  552(1979)  for  Al,Ga,  As,  W  G  SpitzcrandC  A.  Mead,  Phys 
Rev  A  133.  872(1964),  and  D  A.  Ncamcn  and  vV  W  Granncmann,  Solid 
State  Electron.  14.  1319  (1971)  for  GaAs,  _^P,,  T  F  Kuech  and  J  O. 
McCaldin,  J.  Vac  Sci.  Tcchnol.  17,  891  ;1980)  for  In,  _,Ga,?.  and  K. 
Kijiyama,  Y  Mizushima.andS  Sakata,  Appl.  Phys.  Lett.  23.458(1973)  for 
In,  _,Ga,As.  For  this  alloy,  thedauofH.  H.  Wicdcr.  \ppl.  Phys.  Lett.  38, 
170  (1981),  for  mctal-insulator-semiconductor  structures,  are  also  shown. 

ing  only  native  surface  defects  (i)  In^i,  (ii)  Asi^ ,  (iii)  (As 
vacancy),  or(iv)  the  Fermi  level  is(i)  near  the  conduction 
band  edge,  (ii)  near  the  conduction  band  edge,  (in,  r.ear  the 
condu<"tion  band  edge,  or  (iv)  at  ~0.3  eV,  If  the  concentra¬ 
tion  of  at  the  surface  is  less  than  the  concentration  of  As 
vacancies  plus  half  the  concentmtion  of  As,^,  the  Asj^  and 
levels  compen'iate  the  level — so  thac  the  surface  Fer¬ 

mi  level  lies  at  the  conduction  band  edge.  Thus,  normally, 
the  surface  Fermi  level  of  /i-InAs  is  nearly  at  the  conduction 
band  edge,  the  Schottky  barrier  height  is  approximately 
zero,  and  the  semiconductor/metal  contact  is,  by  definition, 
Ohmic. 

For /7-In  As,  the  Schottky  barner  height  is  approximately 
the  energy  of  the  surface  Fermi  level  for  holes  relative  to  the 
va’ence  band  maximum.  The  surface  Fermi  level  for  holes  is 
(i|  near  the  valence  band  maximum  (:^0.05  eV),  (n)  near  the 
conduction  band  edge,  (in)  near  the  conduction  band  edge,  or 
(iv)  near  :^0.3  eV  (slightly  less  than  the  0.42  eV  band  gap)  for 
Inxs»  As,n,  or  F,^,  rerpectively.  Under  normal  circum¬ 
stances  we  expect  the  A^.^  and  defects  to  compensate 
F,^ ,  causing  the  surface  Fermi  level  to  lie  nearly  at  the  con¬ 
duction  band  edge.  Hence,  p-InAs  should  have  a  Schottky 
barner  height  of  approximately  the  band  gap. 

Mead  and  Spitzer'^  have  reported  a  Schottky  barner 
height  of  zero  (Ohmic)  for  /i-InAs  with  Au  contacts  and  a 
barrier  height  for  /?-InAs  of  approximately  the  band  gap — as 
the  theory  predicts! 

IV.  RELATIONSHIP  TO  SCHOTTKY  BARRIER 
HEIGHTS  IN  OTHER  lll-V  MATERIALS 

We  believe  the  defect  pnmanly  responsible  for  Schottky 
barner  formation  in  In  As,  is  In^^j,  bur  that  As,„  and  F^^ 
play  secondary'  roles,  as  discussed  above  Evidence  support¬ 
ing  the  importance  of  the  cation-on-anion  sue  antisite  defect 
•s  available  from  the  predicted  alloy  dependence  of  Schottky 
aarner  Heights  for  Au  on  ^i-type  semiconductors,  shown  in 


Fig.  3.  (See  also  Refs.  !  and  2.;  The  theory  rather  dramatical¬ 
ly  mimics  the  data  and  their  major  and  complicated  chemi¬ 
cal  trends  for  a  wide  range  of  III-V  semiconducting  alloys. 
(For  /7-type  matenals,  the  predicted  alloy  dependences  are 
less  dramatic  and  quite  different — and  appear  to  be  fuily 
consistent  wuh  e.xiscing  data.) 

Further  evidence  supporting  the  role  o^  surface  antisite 
defects  includes  (ii  e.xpenments  showing  that  the  barner  can 
be  ‘‘annealed”  at  a  temperature  characteristic  of  antisite  de¬ 
fects,"^  but  not  at  the  vacancy  annealing  temperature,*^  and 
(ii)  expenments  demonstrating  that  the  concentrations  of  de¬ 
fects  responsible  for  pinning  the  surface  Fermi  levels  of 
GaAs  and  p-GaAs  are  near!;  equal*"  (see  Ref.  30), 

This  is  not  to  say  that  any  one  defect  is  responsible  for 
Fermi-level  pinning  in  all  materials.  For  example,  m  n- 
InP*^*^  it  appears  likely^  that  reactive  metal  contacts  pro¬ 
duce  /^vacancies  and  make  the  Schottky  barner  height  near¬ 
ly  zero,  whereas  nonreactive  metals  produce  pnmanly 
antisites  and  Schottky  barrier  heights  of  eV.  Extnnsic 
impurities,  notably  S  and  Sn,  are  also  thought  to  determine 
the  Schottky  barner  height  of  InP  under  certain  conditions.^ 

We  speculate  that  the  “cleavage-related  defect”  iii 
GaAs*"*’^®  involves  Ga,,^^  and  that  the  “chemisorption-relat¬ 
ed  defect”  involves  Asq^. 

V.  RELATIONSHIP  TO  Si 

A  similar  picture,  namely,  Fermi-level  pinning  by  Si  dan¬ 
gling  bonds  at  Si/transition-metal*siIicide  interfaces,  seems 
to  explain  those  Schottky  barriers  as  well-'"’^'  This  work  also 
helps  to  explain  why  calculations  for  fnc  surfaces  can  be 
used  to  interpret  data  for  semiconductor/metal  contacts.  In 
reality,  the  defects  responsible  for  Fermi-level  pinning  are 
not  isolated  point  defects  at  an  ideal  free  surface,  but  instead 
defects  adjacent  to  vacancies,  voids,  or  disordered  regions  of 
the  semiconductor/metal  interface,  which  are  elfectively 
“encapsulated”  by  electropositive  metal  atoms  or  other 
itoms  at  the  contact.  These  atoms  are  out  of  resonance  with 
some  of  the  semiconductor  atoms,  and  function  primarily  as 
a  repulsive  potential  that  pushes  the  defect  state  (frequently  a 
dangling-bond  state)  back  toward  the  semiconductor  Since 
they  are  out  of  resonance,  they  act  electronically  as  pseudo¬ 
vacancies,  mechanically  “sheltenng”  the  Fermi-level  pin¬ 
ning  defect  without  greatly  affecting  it  electronically.  The 
defect  level  is  “deep-level  pinned“‘^  by  these  encapsulants — 
explaining  why  different  contacts  produce  similar  Schottky 
barrier  heights.  The  paradigm  for  such  “she  :enng“  is  an 
interfacial  vacancy  sheltenng  a  Si  dangling  bond  at  a 
Si(l  1  Ij/NiSi.ll  1 1)  interface,  illustrated  m  Refs.  6  and  31. 

Here  it  is  imponant  to  realize  that  bulk  point  defects,  spe¬ 
cifically  bulk  antisite  defects,  cannot  explain  the  Fermi-level 
pinning  data  for  GaAs,  suggestions  to  the  contrary^*  not 
withstanding  While,  for  example,  bulk  ASq^  appears  to 
have  a  level  close  to  the  level  required  to  explain  the  /t-GaAs 
Schottky  barner,  this  level  cannot  pm  the  Fermi  energy  be¬ 
cause  (in  contrast  to  the  pinning  level  of  surface  As^J  it  is  a 
donor — being  fuily  occupied  when  the  defect  is  neutral.  A 
deep  acceptor  is  required  to  pm  the  Fermi  level  of  an  /i-iype 
semiconductor ''  Moreover,  the  fact  that  Asq^  in  the  bulk 
has  a  certain  energy  level  does  not  imply  that  it  will  have  the 
same  energy  level  at  the  surface  or  at  a  GaAs/metai  inter- 


face.  Surface  and  interfacial  defects  generally  have  more 
deep  levels  in  the  fundamental  band  gap  than  the  same  de¬ 
fects  in  the  bulk,  and  the  energy  levels  of  surface  defects 
ty*'ically  differ  fron;  those  of  bulk  defects  by  -- 1  eV.  ***  This  is 
the  case  because  the  /i-like  T.  level  of  a  bulk  substitutional 
defect  often  lies  outside  of  the  band  gap  as  a  deep  resonance 
in  the  conduction  band;  the  surface  or  interface  destroys  the 
tetrahedral  point-group  symmetry  of  the  defect  and  splits 
the  r,  level,  often  driving  one  or  more  of  the  split  subievels 
into  the  band  gap. 

We  therefore  conclude  that  the  following  zeroth-order 
model  provides  a  very  satisfactory  description  of  Fermi-level 
pinning  and  Schottky  barrier  formation  for  both  III-V  and 
group  IV  semiconductors:  Various  native  surface  defects 
(antisiles,  vacancie.s,  and  dangling  bonds),  or  their  complex¬ 
es,  pin  the  Fermi  energy  at  the  semict'riductor  surface.’^^  The 
basic  picture  initiated  by  Bardeen, and  further  developed 
and  championed  by  Spicer, is  thus  fount!  to  be  funda¬ 
mentally  correct.  The  task  of  future  theories  is  to  work  out 
the  corrections  to  this  simple  picture  due  to,  for  example, 
work-function  effects  and  the  details  of  specific  metal/semi¬ 
conductor  interfaces. 
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The  height  of  the  Schottky  barrier  formed  at  transition>metal/Si  interfaces  varies  over  a  veiy  small  range  {  -  0.4  eV) 
considering  the  wide  range  of  electronic  structures  possible  from  one  end  of  the  transition-metal  series  to  the  other. 
Furthermore,  the  barriers  are  observed  to  form  within  a  few  monolayers  of  metal  coverage,  suggesting  that  the  barrier  is  a 
property  of  the  local  bonding  and  that  the  true  metallic  states  play  only  a  minor  role.  A  model  has  been  developed  to  explain 
these  fact.s  in  term.v  of  the  Fermi-level  pinning  mechanism  of  Schottky  barrier  format!  >n.  The  phy.sics  contained  in  the  model  is 
that  of  a  Si  dangling  bond  sheltered  from  the  transition-metal-silicide  by  an  interfacial  vacancy.  Since  (i)  the  dangling-bond  is 
sheltered  from  the  metallic-silicide  and  (ii)  the  atomic  energy  levels  of  the  transition  metal  are  out  of  resonance  wi.h  Si.  the 
dangling  bond  (which  forms  a  level  in  the  Si  band  gap)  will  be  only  w-eakly  perturbed  by  the  silicide.  Thus  this  interfacial 
dangling  bond  can  pin  the  Fermi  level  at  nearly  the  same  energy  for  all  the  transition-metal-silicides.  A  tight-binding 
calculation  of  the  electronic  structure  of  this  defect  at  the  NiSi-/Si(ll1)  interface  has  been  performed  for  an  infinite  interface 
using  the  transfer-matrix  technique.  Tbe  results  of  this  calculation  are  described  in  terms  of  a  very  simple  molecular  mode!. 


li  is  u  remarkable  fact  that  the  S.hottky  barrier 
heights  for  the  whole  range  of  Si/ silicide  inter¬ 
faces  varies  over  a  relatively  narrow  range  of  about 
0.55-0.S7  eV  in  n-Si  (IJ.  For  a  Si  bandgap  of  1.1 
eV.  this  places  the  Fermi-level  in  the  lower  part  of 
the  bandgap  between  0.23-0.55  eV  .,boNJ  the  va¬ 
lence  band  edge.  Here  we  argue  that  such  barriers 
can  be  under.'iiood  in  terms  of  Fermi-level  pinning 
(2]  by  a  small  concentration  of  Si  dangling  bonds 
that  are  “sheltered”  from  the  transition  metal  by 
vacancies  at  the  Si/silicidc  interface.  This  e,\plana- 
tion.  which  differs  sub.siantially  from  previous  the¬ 
ories  of  Si  Schottky  barrier  formation  (1.3.4).  uni¬ 
fies  the  understanding  of  Si/tran.sitii-.*.-metal 
Schouky  barriers  with  the  generally  accepted 
model  of  Fermi-level  pinning  by  native  defects 


[5.6]  at  (110)  interfaces  between  Ill-V  semicon¬ 
ductors  and  metals  (7)  or  other  overlayers.  A  more 
detailed  account  of  our  work  will  be  given 
el.sewhere  (8). 

The  following  ob.'^ervations  place  severe  con¬ 
straints  on  any  theory  of  Schottky  barrier  forma¬ 
tion  at  Si/silicide  interfaces:  ( 1 )  The  barrier  heights 
for  the  silicides  all  lie  withn.  0.4  eV  of  o  e  another 
for  all  the  different  transi.ion  metals,  .stoichiome¬ 
tries.  and  crystal  structures.  (2)  The  barriers  are 
observed  to  form  at  low  coverages  before  a  com¬ 
plete  metallic  silicide  is  formed,  indicating  that  the 
local  atomic  bonding  at  the  interface,  rather  thuCi 
any  collective  interface  property,  determines  the 
barrier  (1).  (3)  There  are  only  slight  variations  of 
the  barrier  height  for  different  compounds  of  a 
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giN‘«n  transition  metal  (9.10)  inUicnting  that  the 
transition  metal  itself,  rather  than  stoichiometry, 
crystal  structure,  etc.,  determines  the  barrier.  (4) 
The  barrier  heighi.s  for  n«  and  p>type  Si  very 
nearly  add  up  to  the  Si  bandgap.  I^is  means  that 
the  pinning  level  must  only  be  partially  occupied, 
so  that  it  may  act  as  both  an  acceptor  and  a  donor. 

We  propose  that  these  observations  can  be  un¬ 
derstood  quite  naturally  in  terms  of  an  interfacial 
v.icancy  which  shelters  u  Si  dangling  bond  ftom 
the  effects  of  the  transition  metal,  This  dangling 
bond  has  only  a  weak  link  with  the  .silicide  and  is 
only  slightly  perturbed  by  the  tunstition  metal  s-. 
p-.  and  d-orbitals.  and  hence  is  insensitive  to  the 
large  variations  (on  a  leV  scale)  one  might  e.xpect 
to  occur  when  the  transition  metal  is  varied  or 
when  the  stoichiometry  or  the  crystal  structure  of 
the  silicide  is  changed. 

To  make  these  ideas  specific,  we  consider  a 
particular  e,xample  of  such  a  defect  -  the  example 
illustrated  in  fig.  1  for  the  case  of  the  abrupt 
Si/NiSi-(lll)  interface.  If  the  vacancy  in  fig.  1 
were  replaced  by  a  Si  atom,  one  would  have  the 
bonding  configuration  determined  by  Cherns  et  ah 
(11).  For  the  reactive  systems  under  conside'ation 
here  (transition  metals  “eating”  their  way  into  Si), 
a  reasonable  concentration  of  vacancies  ( —  10'^ 
cm~^)  appears  quite  likely. 

Here  we  consider  a  very  simple  model  of  the 
electronic  structure  of  the  defect  shown  in  fig,  1. 
This  model  i.s  justified  only  by  the  results  of  the 
more  complete  calculation  described  elsewhere  (8). 
but  it  reveals  the  essential  physics  of  the  problem. 


1  2  3 

Ni  •..  Ni 


Fig.  1.  An  example  of  an  irterfacial  vacancy  slicltcrinc  a  Si 
dangling  bond.  Replacing  the  vacancy  by  a  Si  aioiii  gives  the 
geometry  of  l,*ie  NiSij/.Si  (lilt  interface  ilctermined  b\  Cherns 
etal.  (lij. 


In  this  simplified  model,  only  four  atoms  are  ex¬ 
plicitly  considered  -  those  surrounding  the 
vacancy  -  and  only  one  sp*  hybrid  orbital  per 
atom  -  which  is  directed  toward  the  vacancy.  We 
first  take  all  four  atoms  to  be  Si  (tetrahedral 
symmetry)  and  later  change  three  of  these  atoms 
into  Ni  (C;iy  symmetry)  to  simulate  the  Si/NiSi; 
interface. 

Taking  all  four  atoms  to  be  Si.  wc  construct  the 
and  T,  states  of  the  bulk  Si  vacancy: 

l'^i(3| ))  ■  i(l<r'o)  +  I'f'.i))* 

|T,(a,  )>  -  (l/t/il )(3|.^o>  -  l^-t)  “  !<>:>  “ 

(lb) 

|T2(e).]>-(l/v/2)(|^,> -!<#>,».  (Ic) 

iTi(e).2>  -  (l/t/6  )(|4>,>  +  !<;»,>  -  2|<>j».  (Id) 

where  the  orbital  |<#>,)  is  the  hybrid  orbital  of  atom 
/.  The  energies  of  the  A,  and  T,  levels  can  be 
described  by  two  parameters  and  r;  here  we 
have  is  the  orbital  energy  of  an  sp' 

hybrid,  and  -f  —  for  i'^J  represents 

the  interaction  between  two  different  hybrid 
orbitals.  These  two  parameters  represent  effective 
interactions  and  are  obtained  by  fitting  to  the  bulk 
Si  vacancy  deep  levels.  The  A,  level  is  resonant 
with  the  valence  band  at  “  2f.  while  the 

triply  degenerate  T,  level  lies  in  the  Si  bandgap 
and  has  an  energy  ^  +  t.  We  list  in  table  1 


Table  1 

The  calculated  A|-  and  T2-symmeiric  energy  levels  for  the 
unrelated  S»  vacancy  by  several  workers:  the  calculation.s  arc 
either  pseudopotential  |P)  or  tight-binding  (TB):  all  energies 
are  in  e\*.  and  the  top  of  the  valence  band  is  defined  to  be  the 
zero  of  energy:  the  Si  bandgap  is  IJcV;  the  two  parameters 
and  /  are  simply  obtained  from  the  A ,  and  energy  levels  (sec 
text):  the  important  parameter  is  the  energy  of  a  single 
dangling  bond  and  is  found  to  lie  in  the  lower  part  of  the  Si 
bandgap  in  all  cases 


Type  of  calculation 

A, 

T, 

/ 

P 

TB 

level 

level 

Rcf.[i:i 

-1.10 

0.70 

0.45 

0.25 

Ref.  (13) 

-0.60 

0.80 

0.35 

0.45 

Ref.  1 14) 

••  1.10 

0.60 

0.42 

0.16 

Ref.  (15) 

-0.5.^ 

0.75 

0.33 

0.43 

Ref.  (161 

-0.')6 

0.51 

0.3“ 

0.14 
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the  A,  and  T.  levels  for  three  different  pNCudo- 
potential  eulculuiions  |I2-14|  and  two  iighi>hind« 
ing  (15,16)  calculations  for  the  unrela.\od  vacancy 
in  Si.  7rom  these  levels  the  parameters  </,  and  t 
can  he  e.xtracted  using  <^  -  ( and 
t  -  (£t,  “  I/**’  ‘hat  which  is  the  en« 

.  ergy  of  a  jiVi.c/c  Si  dangling  bond,  lies  in  the  lower 
part  of  the  Si  bandgap  in  all  ca.ses. 

We  text  change  three  of  the  atonris  surrounding 
the  vacancy  into  Ni  atoms.  We  do  this  by  raising 
the  hybrid  orbital  energies  of  atoms  1.  2,  and  3 
(see  fig.  1 1  from  e*  to  +  K  where  y  m  5  eV  (8) 
represents  the  (large)  positive  difference  between  a 
Ni  and  a  Si  sp’  hybrid  orbital.  The  symmetry  is 
now  reduced  from  Tj  to  C.,v.  and  the  possible 
levels  are  of  a,  (o-like)  and  e  (r-like)  symmetry. 
The  states  of  e-symntciry  evolve  from  two  of  the 
T;  levels  of  the  bulk  Si  vacancy  (the  T;(e)  levels  i" 
eqs.  (Ic)  and  (Id)),  but  are  raised  out  of  the  gap 
roughly  linearly  with  the  potential  V  to  become 
resonant  with  the  conduction  bands.  Since  the 
e-symmctric  levels  are  not  in  the  jap  and  are 
metal-atom  derived,  they  play  no  role  in  pinning 
the  interfacial  Fermi  level,  and  we  will  no  longer 
consider  them. 

The  interesting  levels  are  those  of  a, -symmetry 
which  arc  admi,\tures  of  the  |A,(a,)>  (eq.  (la))  and 
the  |T,(a, ))  (eq.  (lb))  levels  of  the  bulk  Si  vacancy. 
However,  since  the  Si  and  Ni  hybrid  orbitals  are 
no  longer  degenerate,  perturbation  theory  shows 
that  the  effective  interaction  between  Si  and  Ni 
hybrid  orbitals  is  reduced  from  t  (  -  0.4  eV)  for  the 
bulk  Si  vacancy  to  t'/V  ( -  0.03  eV)  for  the  in- 
ierfaci.ll  vacancy.  A  schematic  energy  level  dia¬ 
gram  for  a, -symmetric  states  of  the  bulk  and 
interfacial  vacancies  is  shown  in  fig.  2.  Note  that 
because  Ni  (or  any  transition-metal  element)  and 
Si  are  “out  of  resonance”,  a  level  is  formed  in  the 
lower  part  of  the  Si  bandgap  which  is  tied  to  the  Si 
dangling  bond  energy  and  is  relatively  insensi¬ 
tive  to  the  transition  metal  as  long  as  we  have 
V»  t.  This  simple  model  leads  to  the  important 
conclusion  that  for  various  transition  metals,  in- 
tcrfacial  Fermi-level  pinning  positions  .ire  nearly 
equal  to.  but  slightly  below,  the  “defect  pinning 
energy”  of  a  single  Si  dangling  bond. 

We  briefly  mention  the  more  rigorous  calcula¬ 
tions  on  which  the  simple  model  is  based.  .A 
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Fig.  2.  Schematic  energy  level  diagram  of  the  aesymmetric 
Icveli  of  (a)  the  bulk  Si  vacancy  and  lb)  the  inierfacial  vacancy. 
In  (a)  the  hybrid  orbitals  at  lie  in  the  lo^^er  part  of  the  Si 
bandgap  but  interact  strongly  through  t  to  produce  the  A|  level 
resonant  with  the  valence  band  and  a  T-  level  in  the  upper  part 
of  the  bandgap.  In  i-'i  the  hybrid  orbitals  of  Si  and  Ni  are  no 
longer  degenerate  and  their  interaction  is  reduced  by  ;/K  This 
brings  out  of  the  valence  band  so  that  it  now  lies  only 
slightly  beiow  the  Si  dangling  bond  energy  (The  a, -symmet¬ 
ric  representation  refers  to  the  Cj,  group  appropriate  for  the 
interfacial  vacancy.  Since  C.,  is  a  subgroup  of  Tj.  the  A,  and 
one  of  the  T.  levels  of  the  bulk  Si  vacancy  are  also  a, -symmet¬ 
ric.) 


tight-binding  calculation  was  performed  for  an 
embedded  cluster  of  a  vacancy  and  three  Ni  atoms 
(including  d-orbitals  on  Ni)  in  an  infinite  f.i  host 
[8]  using  the  Si  tight-binding  model  of  ref.  [151. 
The  Si  dangling-bond-like  level  is  found  at  0.4  ... 
The  d-orbitals  are  found  to  play  only  a  minor  role. 
Since  the  d-orbital  energies  lie  well  below  the 
Fermi  level,  they  tend  to  push  up  slightly  on  the  Si 
dangling  bond,  but  with  a  greatly  reduced  strength 
because  the  d-orbital  is  not  a  nearest  neighbor  to 
the  dangling  bond  orbital  and  hence  interacts  with 
it  either  through  a  small  second-neighbor  interac¬ 
tion  or  indirectly  via  its  interactions  with  the  inter¬ 
vening  Si  atoms  surrounding  the  vacancy.  (The 
d-orbitals  were  taken  to  interact  only  with  nearest 
neighbors.)  More  sophisticated  calculations  for  an 
interface  between  semi-infif.ite  slabs  of  NiSi,  and 
Si  have  recently  been  completed  [17]  using  the 
transfer-matrix  technique  [18).  The  tight-binding 
bands  of  NiSi,  have  been  fit  to  the  bulk  hands  of 
Chabal  et  al.  [191,  and  the  tight-bir.Jing  model  of 


m 


O  F  Sunkvv  ct  al,  /  Theory  of  St  /  tranut  urn ‘metal  siltvu/c  Sdiottkv  harriers 


VogI  et  ai.  [20]  has  been  used  for  bulk  Si.  Here  the 
inierfacial  vacancy  level  is  found  to  lie  at  0.13  cV. 
Although  the  two  calculations  give  slightly  differ¬ 
ent  results,  and  the  estimates  made  for  the  dan¬ 
gling  bond  energy  in  table  1  differ  by  -  0.3  eV,. 
they  all  show  that  the  defect  “pinning”  level  lies  in 
the  lower  pan  of  the  Si  bandgap.  Mcasuremeris 
for  a  Si  dangling  bond  quite  similar  to  the  one 
described  here  (21)  at  the  SiO,/Si  interface  show  a 
level  at  0.36  eV  (22).  ,^s  mentioned  earlier,  the 
interfacial  Fermi-  level  for  the  silicides  lie  ap¬ 
proximately  in  the  range  0.23-0.55  eV. 

Conclusion.  The  prc,>cni  theory  is  manifestly 
based  on  local  atomic  bonding  and  a  localized 
defect,  and  is  thus  compatible  with  the  experimen¬ 
tal  findings  (1,9,10)  that  the  observed  Schoiiky 
harriers  form  before  the  completion  of  a  complete 
.metallic  overlayer.  Since  in  this  model  the  barriers 
are  determined  mainly  by  Si,  the  barrier  is  affected 
to  a  lesser  degree  by  the  nature  of  the  transition 
metal  atom,  .stoichiometry,  or  crystal  structure  of 
the  silicidc.  Furthermore,  since  the  dangling  bond 
is  occupied  by  a  single  electron,  it  can  act  either  as 
a  Conor  or  an  acceptor  -  this  leads  to  very  nearly 
the  same  pinning  p.'siiion  for  both  n-  and  p-Si,  in 
agreement  with  the  measurements.  This  is  to  be 
contrasted  with  Schotlky  barrier  formation  on 
IIl-V  semiconductors,  such  as  GaAs,  where  previ¬ 
ous  theoretical  studies  indicate  that  pinning  is 
often  due  to  surface  aniisiie  defect  levels  (6)  which 
lead  to  different  Fermi-lo\el  pinning  po.siiions  for 
n-  and  p-iype  semi  .>ndueiv\-s. 
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The  effects  of  diagonal  Anderson  disorder  and  of  fir.a, ‘Stale  interactions  on  x-raj  emission  and  phoioe* 
mission  spectra  arc  evaluated  in  a  change  of  mean-field  model.  The  disorder  produces  distinct  sideband 
features  on  the  x-ray  photoemission  spectra,  but  primarily  broadens  the  emission  spectra. 


1.  INTRODUCTION 

In  an  effort  to  assess  the  combined  effects  of  disorder  and 
many-eleciron  processes  on  x-ray  emission  and  phoioemis* 
Sion  spectra,  we  have  numerically  computed  ensemble- 
averaged  spectra  for  a  one-dimensional  Anderson  model*  of 
a  conduction  band  in  a  metal.  In  this  tight-binding  model,  a 
single  energy  level  (having  a  random  value  between 
-.D/2  and  D/2)  is  associated  with  each  tite  n,  and  there  is 
a  constant  nearest-neighbor  coupling  P  between  adjacent 
sites.  The  effect  of  the  core  hole  on  the  conduction  elec¬ 
trons  is  simulated  by  a  final-state  (initial-state)  interaction  V 
localized  at  the  site  of  the  core  hole  for  phc.jemission 
(emission).  There  are  a  finite  number  of  sites,  aid  the 
many-body  states  included  in  the  calculation  are  the  low- 
energy  particle-hole  pair  states  created  by  the  sudden 
switching  on  or  off  of  K  The  model  is  identical  to  one  em¬ 
ployed  earlier  for  a  discussion  of  absorption  spectra^  and  is 
a  change  of  mean-fie‘d  model. 

We  find  that  the  emission  spectra,  like  the  absorption 
spectra,^  are  primarily  broadened  mhomogeneousl)  by  the 
disorder,  but  that  distinct  spectral  features  arise  in  the  x-ray 
photoemission  spectra  (XPS)  associated  with  specific  en¬ 
vironments  of  the  core  hole. 


II.  MODEL 

For  x-ray  phoioemission,  the  initial-state  many-eleciron 
Hamiltonian  is 

♦V 

I— 1 

where  /i,  is  the  Anderson  one-body  Hamiltonian: 

h  -  l+/?|/l)(rt  +  l(4"/j|/i-l)(/i|  . 

fi 

Here,  ^  is  a  constant  and  is  randomly  distributed 
between  -D/2  and  D/2.  The  fnal-siaie  many-electron 
Hamiltonian  is 

//.=  In:  . 

j- 1 

where  h/  is  identical  to  A,,  except  for  the  nght-bindmg  ma¬ 
trix  element  at  the  sue  of  the  core  hole  — w’hich  has  an  addi¬ 


tional  electron-hole  interaction  term  F  <  0,  The  initial  slate 
|/>  is  a  Slater  determinant  of  the  N  lowcst-cncrgy  single¬ 
particle  orbital  eigenfunctions  Idi)  of  h,  and  the  various  final 
Slates  Ifi')  arc  deicrminaiits  of  iV  eigenfunctions  k)  of  h\ 
The  x-ray  photoemission  spectrum  for  phoioelectrons  of  en¬ 
ergy  £  is 

¥ 

where  £/*»  and  £/  are  the  final-  and  initial-state  energies  of 
the  conduction  electron  gas  and  <cou  the  core-hole  energy 
relative  to  the  center  of  the  conduction  band. 

Similarly,  the  emission  spectrum  for  photons  of  energy  £ 
is 

«(£)-  '^\{Fv\M\l)\'h{£-E,  +  Ef,)  . 

¥ 

wnere  A/  is  the  dipole  operator  Here,  we  have  the  initial 
state  l/>  being  a  de::rminant  of  .N  t*  I  and  the  vari¬ 

ous  final  sia:es  l£i^)  corresponding  to  configurations 
described  by  determinants  of  *V  !c  )’s  a.id  one  core  orbital. 

0i(R)  <i*j(R)  •  •  ■  i/>a»i(R) 

(d>*».il0i) 

(£v|A/|/)-A/o{<^..:I’^i)  .  * 

(di^.vli^i)  •  •  •  (c,.  vk'»  \  ♦ 

Here,  (oiii^)  is  a  scai..r  procuct,  R  the  core-hole  sue,  and 
we  have  assumed  that  the  core  radius  is  negligible,'  so  ihat 
A/o  is  a  ccpstant. 

We  have  ihe  sum  -les^ 

j:^K(E)dE‘‘M6  V|,i,(R)!-  . 

t 

where  the  sum  is  over  occupied  orbitals  of  the  initial  state, 
and* 

r  n£)dE^\  . 

The  line  ’‘T.apes  we  displa\  are  ensemble  averages  (denot¬ 
ed  by  ((  )))  over  all  core -hole  sues  (typically  1000  such 
sues),  for  example, 

=  y\(Fv\M[n\'Mo--b(E  -  F,-  Ef,^\ 

\  >  I 
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in.  RESULTS 

Here,  we  display  spectra  for  “  1,  and  with  ^3-  -  7. 
The  amount  of  disorder  is  specified  ly  th.  parameter  D  (;c- 
call  that  the  on*site  energies  a«  range  from  -D/2  to 
+  Z)/2J.  The  calculations  have  been  executed  repeatedly 
for  a  single  spin  channel'*  and  for  finite  lattices  with  40  sites 
and  20  electrons  (a  half-filled  band).  The  core  hole  has 
been  confined  to  one  of  the  10  innermost  sites.  We  have 
broadened  the  calculateo  .  nectra  by  convolving  them  with  a 
Gaussian,^  for  ease  of  presentation.  Ensemble  averages  of 
the  spectra  over  typically  —  10  core-hole  sites  for  each  of 
=  100  different  Anderson  lattices  have  been  performed. 

The  peaked  bottom  portion  of  the  emission  spectrum 
(Fig.  1)  for  Z)  «0  is  a  band-structure  effect  and  corresponds 
to  the  band-minimum  van  Hovu  singularity^  with  its 
behavior  above  ine  b*ind  bottom.  The  high- 
energy  peak  occurs  at  the  Fermi  energy  and  is  a:t  x-ray  edge 
singularity’— a  multielectron  recoil  effect.  V-’ilh  increasing 
disorder  D,  the  van  Hove  singularity  is  broadened,  blurred, 
and  cut  off,  and  the  edge  singularity  is  weakened  (as  in  the 
case  of  the  absorption  spectra").  Basically,  increasing  disor¬ 
der  makes  the  spectrum  smooth,  broad,  and  relatively 
featureless. 

The  XPS  spectrum  for  Z)  «*0  has  two  peaks:  a  large  one 
for  recoil  involving  configurations  witn  an  electron  in  the 
bound-exciton  state  of  the  electron-hole  interaction  and  a 
smaller  one  for  configurations  involving  only  bt'nd  states 
(Fig.  2).  (The  separation  of  these  peaks  is  approximately 
the  energy  of  the  Fermi  level  relative  to  the  bound-exciton 
level.)  Small  disorder  blurs  this  spectrum,  until  in  (he 
large-disorder  limit  (see  Fig.  2  for  the  siie  of  the 

core  hole  is  completely  decoupled  from  other  sits.*  In  this 
limit  there  arc  three  types  of  transitions  (Fig.  3).  (i)  Zero- 
recoil  transitions  that  occur  if  the  Anderson  level  on  the 
core-hole  site  lies  above  the  Fermi  energy  by  more  than 
|F|.  In  this  case,  the  electron  gas  cannot  recoil  because  the 
site  is  isolated  and  the  electron-hole  interaction  cannot  pul) 
the  empty  Anderson  level  below  tb^  Fermi  energy.  Hence, 
the  XPS  spectrum  in  this  limii  produces  a  peak  at 
£ (ii)  F-recoil  transitions  in  which  single- 
particle  Anderson  states  on  the  core-hole  are  initially  occu¬ 
pied  and  move  down  in  energy  by  i^l,  the  strength  of  the 
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FIG  I  X-ray  emission  spectra  X  as  a  function  of  the  emiiied  x- 
ray  energy  £  for  vauous  disorder  parameiers  D  The  solid  line  is 
for  Z)»0.  the  dashed  l‘ne  for  Z)-0  2>  the  doiied  line  for  I, 
and  the  chained  line  for  £  “5 


FlC  2.  X-ray  phoioemission  sperira  (XPS)  as  a  funcuon  of  the 
cmiued  electron  energy  £  for  var»ous  disorder  parameters,  a«  in 
Fig.  1. 

electron-hole  interac..  This  produces  a  peak  at  £ 

(iii)  ifterm.uiaie  trartsuions,  corresponding 
to  an  empt>  level  above  the  Fermi  level,  but  within  \  ^\  of 
it,  being  palled  below  the  Fermi  level  by  the 

cicctron-hou  inicractu':j.  These  transitions  produce  recoil 
of  the  electron  gas  at  energy  a  -  M^l,  where  a  is  the  diago¬ 
nal  Andersor  energy  on  the  core-hole  site. 

The  large?  (smaller)  peak  for  D  ^  \  Fig.  2  corresponds 
to  configurations  with  an  eicc’rcm  (nr  electron)  occupying 
ins  ^.ort-hoie-sitc  one-electron  level  that  lies  below  the  Fer¬ 
mi  level  m  the  final  state.  Perhaps  the  most  interesting  case 
is  the  highly  localized  limit  m  which  case  the 

XPS  spectrum  provides  informaiio'*  giving  (1)  the  strength 
|F|  of  the  electron-hole  interaction  (which  is  the  splitting 
between  peaks),  and  an  estimate  of  the  number  of  states  in¬ 
itially  br-low  and  above  the  Fermi  energ>  (the  ireas  in  the 
peaks  at  £  F  and  +  <cofe.  respectively). 

Thus,  we  co.nclude  that  XPS  spectra  may  be  more  sensi¬ 
tive  to  Anderson  disorder  man  either  absorption  or  emis¬ 
sion  spectra.  Ordinary  diagonal  Anderson  disorder  corre¬ 
sponds  to  randomness  in  the  on-site  ma.nx  elements  a«, 
and  is  not  a  realistic  represeniainii  of  the  disorder  occurring 
in  amorphous  metals.  (Such  di^c  der  is  better  represented 
by  randomness  in  fi.)  Perhaps  the  be.^t  physical  realization 
of  an  Anderson  alloy  is  a  muliicomponeni  crystalline  alloy, 
with  the  number  of  componenij  sufficiensly  large  that  a 
broad  distribution  of  values  fo.  is  achieved.  We  hope 
that  me  present  work  will  stimulate  studies  of  such  alloys. 

The  results  of  the  present  initial  .nvesiiuaiion  are  suffi- 

0/2 - - - 


Zeio-recoil 


FIG  3  Energy-level  Ui.*gram  for  tne  coiiJucuon  banJ,  indicaung 
(he  three  region^  zero  recoil.  I  recoil,  anc  intermediate  appropri¬ 
ate  to  the  large-disorder  limit.  «  £„,,„  Lnd  £„.„  are  the  hand 
extrema  and  £F<,mi  ts  the  Fermi  energ>  the  half-filled  band,  t  is 
tne  elecifon-h^»le  interaction 
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ciently  interesting  that  the  authors  have  undertaken  calcula¬ 
tions  of  the  combined  effects  of  multielectfon' recoil  and  (i) 
off-diagonal  Anderson  disorder,  and  (ii)  binary  and  ternary 
crystalline  alloy  disorder.  The  conclusions  of  those  studies 
will  be  reported  soon. 
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Abstract—The  combined  effects  of  ofWiagbnal  disorder  and  electron-hole  pair  production  (the  X*ray 
e'dge  effect)  ate  studied  for  i  one-dimensional  Ander'pn  model  of.  a  liquid  thetal  with  a  half-full  band. 


1.  INTRODUCTION 

Itt  this  pa^r  vye  report  model  calculations  of  the  X- 
ray  absorption,  emission,  and  photoemission-spectra 
of  a  simple  model  fbr  liquid  metals,  Tlie  model  treats 
the  many-body  rispects  of  the  X*ray  transitions  in  . a 
change-of-mcan-field  approximation  {I-  2],  while 
simulating  the  disorder  of  the  liquid  by  a  one¬ 
dimensional  Anderson  Hamiltonian  with  off-diagonal 
disorder  (J],  We  are  interested  in  understanding  the 
combined  effects  of  multi-electron  recoil  and  disorder 
on  the  spectra.  A  previous  study  (4),5which  considered 
only  diagonal  disorder,  found  dramatic  effects  on' the 
X-ray  lineshapes.  However,  this  finding  appears  to 
be  at  odds  with  the  experimental  fact  that  X-ray 
spectra  of  metals  change  very  little  when  the  metals 
melt  {5).  While  diagonal  disorder  is  more  commonly 
treated  theoretically,  it  is  realized  physically  only  in 
alloys  made*  of  many  different  types  of  atoms.  The 
disorder  found  in  a  liquid  metal  is  ben  simulated  by 
an  off-diagonal-disordered  tight-binding  model:  the 
diaeot  t!  elements  of  the  Hamiltonian  are  all  the 
satriC  (because  the  atoms  are  the  same)  but  the  off- 
diagonal  matrix  elements  vary-— because  the  bond- 
lengths  vary  (61, 

2.  THEORY 

Here  we  consider  the  case  of  X-ray  photoemission 
spectra  (XPS),  The  treatment  of  absorption  ;(4j  and 
emission  (71  is  similar.  The  XPS  lineshape  is 

m  =  2  l</|PV>p6(£  -  Aw  -  w  +  Ey,  -  E,)  (I) 
» 

where  Aw  is  the  energy  of  the  exciting  photon^ 
is  the  core  energy  leveK  and  the  sum  is  over  alljna! 
states  |Fv)  of  the  Ar^lectron  Fermi  sea*  In  the  initial 
state  |/),  the  Fermi  sea  is  quiescent  and  .described  by 
the  tight-binding  HamiUonian 

(2) 


where  h  is  the  Anderson  singie-panicle  Hamiltonian 

/t-  's  W+  i)(/I  +  I/Kj+  111  (3) 

i'J 

and  Ij)'  is  a  localized  single-particle  state  on  the  yth 
site.  The  {^/}  arc  random  numbers  uniformly  dis¬ 
tributed  in  the  interval  {-X,  -ff):  M  is  the  number 
of  lattice  sites  in  the  system. 

The  finahstate  Hamiltonian  is 

(4) 

i-t 

where  v  is  -the  electron-hole  interaction  potential 
suddenly  impressed- upon  the  electron, <ga$  by  the 
removal  (to  pseudo-irifinite  energy)  of  a  core  electron. 
We  assume  that  v  is  localized  at  the  /th)site 

V  »  vm.  (5) 

The  initial-  and  final-state  Hamiltonians  are  both 
sums  of  one-electron  Hamiltonians,  and  so  the  wave- 
functions  |/)  and  |PV)  are  Slater  determinants  of  the 
sin^e-particle  eigenstates  i^)  and  |^)  of  A  and  A  -P  v, 
respectively.  The  initial-state  e.nergy  of  the  electron 
gas  is 

Et  ^  2  (6) 

/•< 

where  the  sum  is  over  the  jV  single-particle  spin- 
urbitais  J  occupied  in  the  initial  state,  and  we  have 

Aid/)  =  r/ld/).  (7) 

The  final-state  energies  are 

E^:  =  2  (8) 

j*i 
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Fig.  1.  The  X-ray  phcto^mission  spectra  as  a  function  of 
the  photoelectron’s  energy  £.  The  solid  line  represents  the 
calculated  spectrum  fwr  J  -  -1/2,  a  constant.  The  range  of 
^  is  (-1/4,  -3/4]  for  the  dashed  line  and  (0.  -I)  'or  the 
dotted  line.  The  photon  energy  is  Hu  and  the  core  electron 
energy  is  The  clc:;ron-hole  interaction  strength  is 
r-  -I. 

where  wc  have 

(h  -  (9) 

and  the  r»th  final  state  is  the  configuration  U  v, 
2*  •  *\  u,  N],  Spin  can  be  neglected,  because  the 
recoil  profiles  HE)  for  each  spin  channel  arc  indepen¬ 
dent  and  produce  the  total  recoil  profile  when  con¬ 
volved  with  one  another  (1).  The  matrix  element 
(J\Fv)  is 


(OriiA,.:)  •  • 

The  calculations  of  /(£)  proceed  as  follows:  (i)  using 
a  random  number  generator,  the  set  {/Jr  •  ’Aw-i} 
and  the  Hamiltonian  h  (eqn  arc  generated  for  A/ 
=*  40  sites;  (ii)  the  eigenvalues  t  and  eigenvectors  io) 
are  obtained  by  direct  diagonalization  of  /i;  (iii)  the 
core  hole  site  /  is  specified  and  /i  +  u  is  diagonalized, 
generating  eigenvalues  and  states  (iv)  various 
configurations  (i*.  i;  u.  2;  . . . ;  i*.  \  \  o:  electrons 
are  generated  for  the  vzi*jus  final  states,  starting  with 
the  penufHed  ground  state  :.  the  ground  state  of 
the  electron  gas  in  the  presence  of  the  hole  or  v)  and 
its  low.lying  excitations:  the  e.xcitation  energies 

£/,-£*/  and  matrix  elements  {Ilfp}  are  calculated 
e.xplicitly;  isii  lae  XPS  spectrum  /(£)  is  then  evaluated 
(for  a  finiit  s-<*.«ym  of  electro.is.  it  :s  a  series  of  delta 
functions)  u.iu  broadened  to  appear  coniinuoust; 
(vji)  this  proc'^dure  is  repeated  for  higher  energy  final 
stales  until  the  sum  rule 

/*x 

I  /(£)d£=l  (il) 

-  X 

is  adequately  exhauster:  (vui)  this  procedure  is  re¬ 
peated  for  new  core  hole  ^itts  /  (rcsincied  to  one  of 

'•'The  broaaening  funciior  is  {2rr*)*''*  exp(-\*  :r*), 

wu.b  r  =  0  08 


Fig.  2.  The  absorption  lineshape  as  a  function  of  the 
absorbed  X-ray’s  energy  £.  The  solid  line  is  for  J  fixed  at 
-1/2.  The  range  of  J  is  (-3/4.  -1/4]  for  the  dashed  hue 
and  |-1.  0]  for  the  dotted  line.  Note  the  X-ray  edge 

singularity  (for  J  »  -1/2)  at  the  left  of  the  spectrum. 

the  ten  central  sites  of  the  lattice)  and  an  average  of 
/(£)  is  performed;  and  (ix)  the  entire  procedure  is 
repeated  for  new  random  lattices  {;3i*  •  and 

an  ensemble  average  of  /(£)  is  taken.  Con\  .Tgcnce 
studies  have  shown  that  adequate  convergence  to 
identify  all  the  major  physical  features  of  the  spectra 
occurs  for  x  20  electrons,  .V/  ss  40  lattice  sues, 
and  2:100  choices  of  {/Sr  •  (4).  A  similar 

scheme  is  used  for  calculating  absorption  and  emission 
spectral  lincshapes  x(£^)' 

3.  RESULTS 

Our  calculated  results  for  the  XPS.  aisorpiion. 
and  emission  lineshapes  are  shown  in  Figs.  1-3. 
respectively.  Taking  units  such  that  the  electron-hole 
iniefaciion  is  F  *  -l.  we  consider,  for  each  type  of 
spectrum,  three  cases:  (i)^  *»  -1/2.  which  corresponds 
to  an  ordered  one-dimensionai  lattice;  (ii)  /S  randomly 
distributed  from  -1/4  to  -3/4  (moderate  disorder), 
and  (iii)  jS  distributed  in  the  interval  (-1,  0).  This 
last  case  corresponds  to  extreme  disorder,  in  that  /: 
“  0  corresponds  to  a  coinoleiely  broken  bond— 
which,  in  one-dimension,  completely  disrupts  the 
electronic  wavefunciion. 

In  studying  the  X-ray  spectra,  one  should  keep  in 
mind  the  corresponding  densities  of  one-eleciron 


Fig.  3  The  '.‘mission  hn ‘Shape  \iE)  as  a  function  of  the 
cmiiicd  \«fas  s  energy  The  solid  line  is  for  j  fixed  a: 
-1/2.  The  range  of  j  ss  '-3/4  -i/dj  for  me  dashea  lir, 
and  i-i  0]  lor  the  done,-  !ine 
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Fig.  4.  Broadcnedt  onc-cicctron  densities  of  states  ZX<)  \s 
energy  t  for  ^  «  -1/2  (solid)  and  for  the  o(r-diagonalIy 
disordered.  IO.(X)0-aiom.  one-dimensional  Anderson  model 
with  modest  disorder  d«(“-3/4,  -1/4]  (dashed)  and  extreme 
disorder  0]  (dotted).  Any  asymmetr>’  with  respect  to 
<  »  0  1$  associated  with  numerical  noise.  .Note  the  appearance 
of  a  peak  at  <  »  0.  associated  with  delocalized  states,  for 
extreme  disorder  all  other  states  are  localized. 

states.  Fig.  4.  which  e.xhibil  first  an  amputation  of 
the  van  Hove  singularities  (8)  for  moderate  disorder 
(i3€{-3/4.  -1/4)).  followed  by  a  general  flattening 
and  the  appearance  (for  0])  of  a  peak  at  <  «  0 
corresponding  to  delocalized  states  at  the  band  center. 
These  delocalized  slates  are  important,  especially  in 
X-ray  absorption  and  emission  spectra,  because  they 
overlap  the  core-hole  site,  whereas  most  of  the  other 
states  do  not.  To  be  sure,  the  overlap  of  a  delocalized 
state  with  a  core  hole  is  not  so  large  as  that  for  a 
state  localized  on  or  near  the  core-hole  site,  but  once 
thorough  localization  has  set  in  for  <  ^  0.  the  localized 
states  significantly  overlap  only  nearby  sites— and 
much  of  the  interesting  physics  involves  only  the 
core-hole  site,  its  immediate  neighbors,  and  the  de¬ 
localized  states. 

The  XPS  spectrum  is  asymmetric  (9)  and  blurred 
by  disorder,  which  broadens  the  distnbution  of  ener¬ 
gies  at  which  the  electron  gas  can  recoil  in  response 
to  the  shock  associated  with  the  sudden  creation  of 
the  core  hole.  For  zero  disorder,  the  XPS  spectrum 
e.xhibits  two  peaks:  a  large  one  corresponding  to  low- 
energv  e.'.citations  of  the  conouction-electron  Fermi 
sea  in  which  the  bound  state  due  to  the  electron-hole 
interaction  remains  full,  and  a  small  one  correspond¬ 
ing  to  an  excited  Fermi  sea  with  no  election  .n  the 
bound-si:.te  orbital. 

With  ••  ‘derate  disorder.  /3<(-l/4.  -3/4J.  the  .XPS 
spectrum  blurred.  For  extreme  disorder.  oe[- 1.  0). 
localization  is  apparent  for  all  states  e.xcepi  li'.se  at 
the  Fermi  energy  (Sec  the  density  of  states,  which 
features  a  peak  at  the  Fermi  energy  t  =  0  associated 
with  these  states.  Fig.  4.)  In  the  localized  limit,  a 
recoilless  peak  appears  in  the  XPS  spectrum,  at  E 
=  fcofc-  where  «cofe  is  the  energy  of  the  core 

electron.  Perhaps  such  a  peak  can  be  detected  lu 
heavily  disordeied  metals. 

The  absorption  spectrum  for  zerc  disorder.  3 
=  -1/2.  has  an  .X-ra>  edge  singuianiv  (10)  at  the 
!o\v-eneru>  threshold  and  cuts  off  somewhat  at  high 
energv.  due  to  the  conduction-band  maximum.  This 
general  hneshape  persists  even  for  quite  considerable 


disorder.  1/4.  -3/4).  until  for  very'  large  disorder. 

^1]'  structures  associated  with  states  localized 
in  the  disorder  appear.  (See  Fig.  2.) 

Thv-  emission  spectrum  for  zero  disorder.  3 
-  ~i/2.  has  two  characteristic  peaks,  one  at  low- 
energy  associated  with  the  van  Hove  singulamy  in 
the  band  structure  [8]  and  a  second  one  corresponding 
to  a  divergent  X-ray  edge  singuianiy  (10.  1 1)  at  the 
Fermi  surface  (Fig.  3).  The  densities  of  states  are 
given,  for  reference,  in  Fig.  4.  Recall  that  the  con¬ 
duction  band  is  half-full  of  electrons. 

With  increasing  disorder  /3f(-3/4.  -1/4]  the  van 
Hove  singulonty  in  the  emission  spectrum  is  blurred, 
but  the  edge  singularity  remains.  However,  at  ex¬ 
tremely  strong  disorder,  the  states  not  at  the  band 
center  become  localized  (see  the  density  of  states. 
Fig.  4)  and  the  emission  spectrum  has  a  major  peak 
associated  with  the  delocalized  Fenni-surface  electrons 
(whose  wavefunctions  overlap  the  core  hole  signifi¬ 
cantly)  plus  additional  structure  associated  with  lo¬ 
calization. 

In  sum  mar/, ^  off-diagonal  disorder  dees  lead  to 
localization  of  the  one-elcctron  states  and  to  alteration 
of  the  X-ray  spectra  from  those  expected  for  ordered 
metals.  In  panicuiar,  both  one-electron  features  (such 
as  van  Hove  singularities)  and  many-eiectron  features 
(such  as  the  X-ray  edge  singuianiy)  are  affected. 
How'ever,  the  disorder  effects  arc  mod^;si  even  for 
considerable  disorder.  ;^<(-3/4.  -1/4).  ano  do  not 
lead  to  major  new  features  until  the  disorder  is  so 
great,  0).  that  bonds  are  rather  effectively  and 

irreversibly  broken. 

Thus  we  believe  that  these  calculaiions,  although 
executed  for  a  simplified  one-dimensional  Anderson 
model  of  off-diagonal  disorder,  provide  a  modicum 
of  theoretical  justification  for  i*ie  lact  .hat  X-ray 
spectra  of  liquid  metals  are  jfieu  similar  to  those  of 
crystals.  A\  the  same  time  th^  caiv.  ua  ions  suggest 
that  XPS  experiments  should  carch  uA  the  recoilless 
peak  found  in  the  theory  for  the  of  high 
localization. 

Ackno^ylcdf^ntenis-^W'e  arc  giaieful  to  the  I*  S  cf 

Naval  Research  for  their  gfnfrous  va}.’>r'>P  (C.)i:tiaa  Nc 
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Electronic  states  of  the  (100)  (2  x  1)  reconstructed  Ge  surface 
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We  present  calculations  of  the  surface  electronic  state  dispersion  curves  £  (^ )  of  the  ( 100)  (2  X  1 ) 
reconstructed  surface  of  Ge,  and  compare  them  with  recent  angle-resolved  phoioelectron 
measurements  by  Nelson  et  aL  We  assumed  Chadi's  asymmetric  dimer  model  of  the  surface 
reconstruction  and  performed  our  calculations  using  the  analytic  Green’s  function  technique, 
with  an  empirical  tight-binding  Hamiltonian. 

PACS  numbers:  73.20.Cw,  79.60.Eq 


Recently,  :omc  success  wai^  achieved  in  characterizing  the 
geometry  of  the  (2x1)  reconstructed  ( 100)  surface  of  silicon: 
Using  an  energy  minimizatim:  technique  Chadi‘  deU  rmined 
that  an  asymmetric  dimer,  Fig.  i ,  was  the  most  energetically 
favorable  model  of  the  surface  geometry,  and  predicted  its 
surface  state  dispersion  relations  E  (^ )  However,  Himpscl  et 
qL^  and  Uhrbcrg  et  al?  produced  angle-resolved  photoemis¬ 
sion  spectra  in  disagreement  with  these  first  predictions  of 
Chadi,*  which  had  been  made  assuming  the  asymmetne 
dimer  geometry  and  using  a  simple  tight-binding  model 
of  the  surface  electronic  structure.  For  a  while  it  was  be¬ 
lieved  that  the  asymmetric  dimer  model  is  not  realized  phy¬ 
sically.  However,  Bowen  et  aif  using  the  sp^s*  model  of 
Vogl  et  and  Mazur  et  aLf  using  a  multineighbor  tight- 
binding  model,  subsequently  o^monstrated  that  the  asym¬ 
metric  dimer  (2x  1)  reconstruction  is  compatible  with  the 
photoemission  data,  and  attributed  the  original  failure  of  the 
theory  to  the  oversimplified  model  of  the  electronic 
structure  rather  than  to  any  deficiency  in  the  asymmetric 
dimer  geometry  itself. 

Recently,  Nelson  et  al,"^  used  angle-resolved  photoemis¬ 
sion  to  obtain  the  electronic  structure  of  the  (2x1)  recon¬ 
structed®  (100)  surface  of  germanium  Their  analysis  of  the 
data  led  them  to  suggest  that  the  reconstruction  of  the  Ge 
surface  is  similar  to  that  of  Si,  i.e.,  an  asymmetric  dimer. 
There  are,  however,  no  calculations  of  the  surface  state  dis¬ 
persion  relations  E  (^ )  for  Ge  comparable  with  those  for  Si. 
Thus,  we  have  extended  the  theory  of  surface  states  to  Ge, 
assuming  the  same  asymmetric  dimer  reconstruction  a:  for 
Si. 

We  used  the  sp^s^  tight-binding  Hamiltonian  of  Vogl.^ 
The  surface  states  were  found  by  diagonalizing  an  effective 
Hamiltonian  which  was  obtained  by  using  the  analytic 
Green’s  function  technique^  and  an  evanescent  wave  meth- 
odd°  W'e  created  a  surface  by  orbital  ren.oval,**  and  ac¬ 
counted  for  the  effects  on  the  Haniiltoman  of  the  reconstruc¬ 
tion-related  bond-length  changes  by  rescaling  the 
nearest-neighbor  interatomic  matrix  elements  accoiding  to 
ihed  law,**’*^  where  d  is  the  bond  length. 

In  co.mpanng  with  tne  expenmental  results,  i .  is  neces  ..r> 
to  realize  that  the  Ge;  100)  (2/^1)  surface  consists  of  domains 
of  reconstru  Mon  in  which  the  rectangular  unit  cells  are  on- 
enla.1  perpendicular  to  each  other^  (see  Fig  2).  Therefore, 
there  is  some  ambiguity  in  determining  the  surface  wave  vec¬ 
tor  for  each  expenmenially  determined  state.  Himpsele/u/.' 


circumvented  this  problem  when  investigating  Si  by  rotating 
their  sample  in  i  plane  in  which  the  two  domains  were  de¬ 
generate,  thereby  avoiding  any  ambiguity.  Nelson  etalf  also 
rotated  their  sample,  but  in  such  a  way  that  the  resulting 
spectra  do  not  coiTcspond  to  a  unique  determination  of  the 
Brillouin  zone. 

Our  results  arc  displayed  in  Fig.  3,  and  are  labeled  “A” 
through  “F”  for  the  path  r  toJ  tc  Tin  one  surface  Bnllouin 
zone  (Fig,  2)  and  “1”  through  '‘f  ‘for  the  path  T  \oJ*\n  the 
other  Brillouin  zone.  The  predicted  surface  states,  as  dis¬ 
played,  are  shifted  down  in  energy  by  0.5  eV  (a  typical  theo¬ 
retical  uncertainty)  from  their  calculated  values:  Studies  of 
Si  indicate'^  that  the  Vogl  tight-binding  Hamiltonian  pro¬ 
duces  surface  states  of  this  group-I  V  semiconduc  tor  too  high 
by  .*:s;0.5  eV,  but  otherwise  provides  a  good  semiquantitative 
description  ofthe  surface-state  bands  £  ia:  ).  (It  is  possible  that 
a  more  sophisticated*^  theory  could  reduc"  this  0.5  eV  un- 
''ertainty  somewhat.) 

The  Ge  data  of  Nelson  et  alf  are  also  g.  .cn  in  Fig.  3.  As 


[ho]  [no] 


Fig  1  The  (2x1)  asymmetne  dimer  ic^onsiruction  of  Si  proposed  by 
Chadi  Ref  1 1  In  treating  Ge,  we  ha%  e  res«  aieo  all  len^ih^  in  proponion  to 
2  45A^'2  35  A,  the  ratio  of  Gc  to  Si  bond  'rngths  The  arrows  indicate  the 
relaxation  of  the  ^  irtace  la>er  atoms  frorr  :har  ideal  bulk  pK^sicions  to  their 
reconsirueicd  positions  The  plane  of  the  hgure  tvirpendicular  to  the  sur¬ 
face  CP  i  .^nd  down  1  are  surface  .-uoi*"*  UP  1  being  displaced  aw  ay  from 
bulk  and  DOWN  1  tv^ward  the  h ,  i,  Li  2  and  C  2WN  2  are  subsurface 
atoms  bonJeu  to  UP  1  and  1  'WN  i.  ir>pccii%el>  and  are  assumed  to  be  in 
their  bulk  portions  Fur  Si  t'lcv  are  1  92  abo^c  ihe  plane  of  the  pap^r  If 
one  wer^.  lo  build  a  ball  and  suck  modelofinisSisurt .  e  these  sues  would  be 
repeated  every  3  S4  A  in  a  direction  pcrpenoicular  tc  tne  piane  of  the  paper 
In  the  iO)  direciion  the  surface  la>er  atoms  aitemaie  beiween  UP  *  and 
^  y  thus  ..ulv  half  the  surface  unii  we.!  is  shown  here 
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FiC.  2.  The  two  perpendicular  Brillouin  zones  on  the  jlOO)  |2x  I)  recon¬ 
structed  surface,  as  discussed  in  Ref.  7.  ^ 

can  be  seen  by  their  relative  positions  to  the  projected  bulk 
states,  all  of  the  photoemission  data  are  resonant  with  the 
valence  band,  except  perhaps  one  point  at  the  valence  band 
maximum  at  J,  The  following  features  of  the  data  appear  to 
be  adequately  explained  by  th "  theory:'***’  The  five  high- 
energy  points  arc  associated  wi.h  the  resonance  labeled  F 

eV 


(r)  (j)  (f) 

Surface  Wave-vector  "k 

FiC  3  The  calcuu»ed  surface  <ita'  -nergies£  (in  eV)  vs  surface  wave  vector 
k  (The  states  are  shifted  down\%afd  by  the  theoretical  uncertainty,  0  5  cV, 
as  discussed  in  the  te;tt )  Weak  hybndizations  at  level  cros^^ings  are  neglect¬ 
ed  t  he  theory  for  the  <  o  perpendicular  domains  is  supenmposed  for  com> 
panson  with  the  photoemission  data.  The  T  xoJ  states  arc  shown  as 
chained  lines  and  arc  numbered  The  F  \oJ  to  T  states  are  shown  as  solid 
lines  and  are  lettered.  The  latter  set  of  curves  is  symmetne  about  J  The 
isolated  points  with  the  error  b^irs  are  the  photoemission  data  of  Nelson  et 
al  (Ref.  7).  Tne  maximum  energy  of  the  lunshifiedl  projected  bulk  valence 
band  ^'^gc  is  displayed  as  a  dasned  line  for  reference  purposes  tAll  stales 
below  this  line  in  the  figure  arc  rtsv/HiUii  with  bulk  states  * 


(which  is  degenerate  with  6  at  T ).  The  lo west-energy  point  is 
assigned  to  5,  D,  or  E.  The  ten  mid-energy  points  are  asso¬ 
ciated  with  resonance  6  and  perhaps  somewhat  with  E.  The 
remaining  point,  at  F,  is  associated  with  either  C  and  3  or  D 
and  5  (see  below). 

We  have  also  determined  the  eigenvectors  and  charge  den¬ 
sities  for  each  of  the  resonances.  For  the  most  part,  in  those 
regions  of  the  Brillouin  zone  for  which  experimental  data 
were  obtained,  the  charge  distribution  is  centered  primarily 
on  the  “UP  1“  site  (see  Fig.  1/.  Resonances  F  and  6  arc  pri¬ 
marily  UP  1  everywhere  in  the  P  rillouin  zone.  The  charge  on 
E  is  mostly  on  the  UP  2  site  a*  Tbut  shifts  to  the  UP  1  site 
after  crossing  the  D  resonance.  D  is  largely  U?  1  everywhere 
except  near  its  minimum  energy  where  it  is  mostly  “DOWN 
2,“  5  is  primarily  UP  1  near  F and  shifts  to  DOWN  2  about 
one-third  of  the  way  across  the  zone.  3  is  mostly  UP  2  in 
character  throughout  the  region  for  which  angle  resolved 
photoemission  spectra  were  obtained,  shifting  to  predomin¬ 
antly  UP  I  and  other  character  below  —  1 , 7  eV,  1 , 2, 4,  A,  B, 
and  C  have  significant  charge  on  all  four  sites  UP  1.  UP  2, 
DOWN  1,  and  DOWN  2,  with  the  relative  :mpcnance  of  the 
various  sites  changing  with  k. 

These  results  lead  us  to  suspect  that  the  resonance  ob¬ 
served  at  —  1.3  eV  for  F  is  due  to  the  D  or  5  resonances 
rather  than  E  or  3,  since  their  charge  lies  primarily  on  the 
surface,  whereas  the  charge  for  E  and  3  is  on  the  subsurtace 
layer.  If  this  is  so.  then  all  the  observed  data  can  be  associated 
with  layer- 1  surface  resonances  such  that  the  charge  is  con¬ 
centrated  on  the  UP  1  site  (which  is  farthest  from  the  bulk 
and  therefore  is  most  easily  observed). 

Nelson  ei  al?  gave  a  qualitative  interpretation  of  their 
photoemission  data  that  is  similar  to  j)urs;  however,  they 
attributed  the  two  bottom  states  near  T  as  arising  from  the 
same  resonance,  whereas  we  find  each  arising  from  separate 
resonances.  Both  they  and  we  agree  that  the  ph  ic emission 
data  come  primarily  from  two  resonances  passing  thiough 
the  zone,  but  our  work  indicates  that  these  resonance  s  are 
from  differently  oriented  domains.  Moreover,  we  predict 
other,  perhaps  weaker,  resonances,  as  s!;own  in  Fig. 

The  dispersion  in  ou  *  curves  is  qualitatively  consistent 
with  the  photoemission  data,  but  the  gap  near  6,  E.  and  F  at  J 
is  too  small  by  a  factor  of  2.  Given  the  simplic.iy  of  the 
model,  this  is  adequate  but  not  a^^solutely  conclusive  agree¬ 
ment  between  the  »h  'ory  and  the  data.  However,  we  plan  to 
explore  the  sensitivity  of  this  gap  to  the  amount  of  asymme¬ 
tric  dimer  relaxation,  in  the  hope  tlut  i:  can  be  used,  in  con¬ 
junction  with  experiments  and  total  energy  calculations,  to 
determine  precisely  the  surface  geometry  of  the  Gt  (100) 
(2X1)  surface."* 

In  conclusion  our  res  ilts  lend  support  to  »he  hypothesis 
that  the  (2x11  reconstructed  1 1(X)1  surface  of  ^jrmanium  has 
the  asymmetric  dime*  geometry,  with  relaxation  roughly 
comparable  with  tha:  of  Si. 
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1.  lutroducliou. 

Ill  LIh'so  Iccuircs  \vc  uiuliiw*  ii  siinjtlt'  hut  llicoi'y  ol  I’k'ctroJiic  HtiiU'S 

iissui'iiiiiMl  wiili  IncnlixAul  jicru  l•hllti^llls  in  scinii’OiKliicturK.  TJic  hiixic  problem 
we  eiiiiHirler  Is  the  •  deep-leve!  problem*,  iiftiiioly  prcilivtin^r  tlie  point-defect 
t!iier;.'y  levels  I  hut  lie  iieur  th"  tniihlle  of  the  bund  jrtip  of  it  seniieoiuliictor. 
When  we  bev'mi  work  on  iliis  problem,  u  deep  level  was  deilned  as  a  level  that 
Was  not  slirtllow,  namely  one  more  than  0.1  eV  from  the  nearest  band  edjre — a 
level  that  could  not  be  thermally  ionized  at  room  temperature.  (Thar  definition 
hn.s  .since  been  revised:  .see  below.)  Our  own  interest  in  the  deop-level  problem 
resulted  from  data  of  Wolford  and  .^treetman  for  the  impurity  in  Ga.\..s,_,r, 
alloy.<  [1],  Thi.s  impurity  appeared  to  be  shallow  in  GaP,  having  a  binding 
energy  of  only  11  meV,  even  smaller  thar.  the  30  meV  elVeetivc-mass  theory 
binding  energy’  of  the  .sliallow  donor's  S  and  .Se.  However,  it  beeame  a  genuine 
deep  level  in  tbe  alloy  for  .v  2:  n.o  and  mcrgi’d  into  tlie  coiidiiction  band  ns  a 
re.«ouancc  for  x<  0.22  (see  flg,  1  [2,  3]).  Tims  the  27  iiiipuvity  level  was  appar- 
onvly  shallow  (for  x  «  1),  deep  (for  x  2:  o.O)  and  no  level  at  r.ll  (for  ./•<  0.22) 
as  one  varied  alloy  compo.sition  x  continuously  from  GaP  (.»•=»!)  to  GaA.s 

{X  -  (»). 

I’J.  (/aAs,_,lb<  “  Tin*  allny  hosi  0!iAs,_,lb  has  a  band  .-‘iniiMlire  tin. I  !.•< 
wf)l  deM'i'ibed  by  tin*  'vii*tiial-('ry,.Oal  iijiju’Mximation  [•!]  and  Aaries  (•(intiinanisiy 
from  the  ilireci-gap  band  Kiriieiiire  of  Gii  As  (witli  t  he  l•omlln.•tion  hand  inininnim 
at  jT  =■  (0,0.0)  in  tin*  Jlrilloiiin  zone)  10  tlie  indirect-gap  .Mnictun*  of  GaP 
(with  the  ooiiduetion  band  miniimim  m-ar  the  .V-itoiiif.  (2.'t'(i^)(1  .  O))  (.'ice 

fig.  2).  'I'lie  band  yap  nf  (hi As  is  In  the  iiifrii-red.  Pure  fhi..\.s  would  «*niit  .sueli 
liyht  beuiiiisi*  tin*  band  gap  is  dii'oet,  and  tlio  inagiiitiido  of  tin*  inoinen: iini  of 
a  ihennalizod  oloetron-lioi  *  pair,  'f>\  —  k,'  can  be  er[UaI  to  that  of  the  emili**d 
plinton,  2.T  wliieli  Is  essentially  zero  on  the  scale  of  tlie  lii'illoiiin  zone,  in 
eoiitrasi.  GaP  has  an  hidireci-gai»  band  st riietiire,  uio’  so  a  t !;'*v:iialized  con- 
duel  Ion  oleetron  has  a  sistnilleaiii Iv  difl’ei*’nt  wave  veetor  front  a  tlierinalized 

411.* 
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Fig.  1.  -  IlluMniiion  of  tin*  dcpeiidcnpfv  of  (hnllow  oiid  dcqi  iiui'iirlty  Itrol*  on  alloy 
compoihlon  x  in  GuAii,.,?,  alloy-,  all  or  ref.  [2,  3].  The  zero  af  «ii«r{fy  i«  ib*‘ 
vuleuoe  band  inaNinmui,  TJa-  dirc'ci  conduction  band  vd^rc  is  A  ajid  ilio  indirect  edt'c 
is  JTi.  The  X  and  0  deep  levels  are  denoted  by  Sfdld  lines.  The  shallow  levels  of 
(or  Se)  are  denoted  by  dashed  lities.  Xote  that  the  direev-lndirect  cross-over  occurs 
for  a- s:  ('.45  and  that  the  shallow-level  bindli.);r  enerj.'y  is  larger  in  indirect  inatei  ial 
(because  the  cilV.Jre  mass  is  larger). 


bole.  HeJico  inir.>  GnP  cniiuot  cmiT  liglit  vvou  tbotiyh  its  b.Tiul  jrap  is  in  Iho 
— a  blpliJy  visible  part  of  the  spectrum.  Tlio  alloy  has  become,  tcclino- 
loplciiUy  imt'ortnnt,  beentise,  for  .vrtO.J,  ibe  band  gap  in  tlic  visible 
(vetlj,  but  Vb(‘  batifl  stnicture  is  still  tlirecl— In-ncc  tliis  tnaierinl  Is  ei’.iployed 
in  red  ligbt-eniittliig  diodes  (LKDs'. 

I’ll.  C'lUmtu  V  mUc  hi,,  ll|•llll'n  X.  0,  ."4  tditl  .S'  III  finAsj_,]'r.  “  T"  l'ulit'i<*iite 
a  lij:lit-einiltitlg  diode  llinl  <'iiiils  in  tlie  yellow  or  (lie  from  llicse  aJIoV's. 

one  'M'cds  II  soiiree  or  sink  o)'  erysinl  iiioiiieniiMii.  K'^  1-.7  /t,_l(l.  n.  o).  so  tliat 
the  si'leetion  rtile  /.*,  —  i  /l  *s  0  eii'i  la*  sntlslied.  Iiiiinirities  r.iii  siijiply  ibe 
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►vci'e  vector  k 


Fiir.  2.  -  Klectroiiic  (*ncj;::y  Ijniul  f»n*uci«u*s  Kik^  ol  GjiAs  aiul  Gal*  from  L  xo  P  lo  -I 
alone  tlic  (liiu)  (/.<•.  r  10  A')  ami  (111)  (Lc,  P  lo  L)  diwiion.^  o£  rlio  Drilloain  ;iom;,  after 
.M.  l"  t'OMKK  ami  T.  K.  15r.iai.<TJ:i:.';’Si:j::  7%*’.  7iVr..  341,  76!)  Xou-  that  llie  Ijaml 

ea])  of  Ga.\s  Is  ilircrt  l*nt  iii  iW  infra-red;  GaP  has  an  indiivci  eai»  from  the  vaietiCM 
hand  inaNinnini  at  P  to  the  e.ondnetitm  hand  mininnnn  ac  A*,  in  the  vi'^ibly  rcirion  of 
the  speetruni. 


ik*(mIu(1  inionennnih  with  the  imimritios  :no>t  likely  ro  cecnr  on  rlie  eolninn  V 
site  (»f  Cr;iAs,_,l^  bein^'  y.  0,  H  ninl  Ironieally,  two  ol’  these  iin)mritie>* 
and  -Se,  produre  fthullov:  levels  in  the  band  ):;ai»  ol  C/aAs^^,!'.  that  lie  elose 
CO  tlie  eondtietioji  band  ed^re  and  follow  the  qxI^q  as  the  eomposiriou  varies. 
Bur  two  do  not.  Oxyj^en  lies  several  tenths  of  an  eleerrouvolt  deep  in  the  band 
^rap  of  GaP  and  its  ener;LW  level  decreases  linearly  as  ./•  decreases — it  is  a  ;renuine 
deep  level  by  all  detinitiojis.  The  behavior  of  y  (wicit  respect  ro  the  valence 
bnud  muAumuun  is  e>peeially  iuterestinjL':  in  GaP  it  is  (vpjmyoUhj  .vZ/a/h^/r  with  a 
11  meV  bitulinjr  e  iertry.  and.  with  deerensin^r  alloy  coinj.osirion  ns  enerjjy 
level  elecreases  linearly,  similar  to  the  ovyjiien  deep  level,  hecoinin*:  e.  .m*nnino 
deeji  trap  (by  the  old  deiinition:  nio»‘'*  than  o.i  eV  from  the  coinlnt-nun  liand 
edire)  for  .<*  r:  0.7>.  At  in»\\eVt*r.  the  y  level  t;iH*s  into  the  mndnetitni 

band.  In  orlier  wonls.  y  appears  to  be  shallow  i*nereerieally  for.r  =  1,  is  deej) 
for  .1*  =s  t)..‘  and  is  a  resonauee  for  .r  ^  o  (M*e  tie.  1).  ^foreovin*.  the  y  level  is 
uuarraelied  to  the  conduetion  hand  edjL'C.  and  dJT  d.r  h»r  this  love'  is  eharaeter- 
isli<‘  i»f  a  deep  trap  sni-li  as  0.  TlieM»  facts  led  iis  lo  believe  that  y  is.  in  fact, 
a  deep  level  wlniM*  energy  aeeiden!;i)lv  lies  i  hisi*  lo  the  eondtietloii  band  edae 
in  Gal*  and  biMMMne\  resonant  iit  (la As — ajid  ft»eassed  onr  alteiiiton  oii  y  as 
the  j>rol«nypieal  dei»)>  ua]»  [o]. 


2.  -  The  Voi;l  model  of  electronic  structure. 

*rhe  hiniida I ioli  b»r  niiedi  *»i  uliai  \\i*  .n!i  t!!  iliN^aisN  in  ilst-M*  Icciio’eN  an 
empiric:*!  i :u!i!d»indine‘  theni’v  02  mnic  sirneinre  de^'c^*v^•ll  l-y  \  otn. 

ct  t(K  !i;|.  'riiis  I  hniry  1:::^ ! hrci*  tlisi fed iir«*s :  it  h  i»n*]a*rl\  M 
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tli<*  C’Jicniislry  of  llu*  .vj#"  bojulinjr,  ii  li:is  :i  lui^is  wiiicli  ijic]u(if>  n,H*  .v 

;ili(l  lliiw  p  orl  Mnls  ;\\  olojiiic  site  (:j.s  >vdl  Jis  oiu*  jHliiil  ituinJ  .v 

oi’bitnJ:  .V*-"),  ii)  II  i)ro(lii<*o.s  indir<*cl-jr;i)»  bajol  slnicHin*s  J'oi  ;ijhI  willj 
u  niijiiinum  jjiiailicr  (»f  l)asi>  finieliojiS;  livo  jK’r  (J’lirc  sjr'Aiusis 

binding"  jjjodol.s  ib.  imt :  i)h»  i*xtra  .v*-'’  orbital  i»rMliuM*s  tlu*  indiriM-i  b.*;‘d  stian*!  an* 
by  tlio  ihdirort  cimdiicliou  band  juiniiDUin  (biNMi  in  taa  ruy).  jii)  Tin* 

jiarainelvTsof  tlio  Ilaniillooian  oxljibit  njaniJVsi  rlionn’ral  u»‘]id>  ibal  ai-^M-odibod 
in  K<‘alijiy  rules:  tljo  dia^roua)  inairix  elenuuns  aro  relah-d  to  alouiii*  onoipr.-. 
ajtd  tlio  oll’-diagoual  juatrix  cleJaeJJls  are  iuvorsely  lu’ojuuuoua]  to  <1-,  tlie  .-‘qt;ar<‘ 
of  tliC  bond  length  (H:uTisoirs  rule  [7]). 

This  empirical  Hajnilloniaji  ^vas  arriv^»(l  at  by  Vocj.  and  alter 

a  great  deal  of  labor  and  n*]m*>ent.s  an  atl<‘mi>t  Kt  sinnnianeouslx  de>erna‘  tlie 
energy  bands  (»f  sixiaen  srj^ntanidneim'.s.  'I‘lie  Vugl  jn*  da)  ^iJ'e^\  jinuOi  of  its 
insjiiralitni  from  IIarri.sa:''s  buml  orldia)  naMbd  [S],.  wldrli  \\ji>  t»ne  of  tlie  jlr.^! 
successful  atlemids  to  develop  a  sinqde  IlaniilloniMi  for  describing  elontiical 
trends  for  many  semiconductors— it  d<»seribed  valence  batid  strueturt*s  rather 
accurately.  A  distii*gui.>hing  feature  ol  ilu'  Yogi  model  i>  its  alulity  to  reprodttce 
general  features  of  the  lowest  conduction  ;  ands  as  well. 

Tlie  scaling  rules  for  chemical  trends  in  tlie  jiarameicrs  of  the  Yogi  mode) 
aro  very  important.  Leeause  of  them,  tin*  Vogl  Hamiltonian  can  be  generaliml 
to  treat  inhovwgnmiu'  *etaieonduetoi> — ‘‘ven  thoi.;b  the  inforiuation  eont.  iimd 
in  the  model-s  parameters  comes  e.velu’-ively  from  the  hnowji  e)a*:’g\  band 
struetmes  of  liomogeneou*  semiconductors.  For  example,  if  otieatojn  is  changed 
{cjj,,  one  i*  bi  GaP  is  replaced  hy  a  F"  atom),  the  matrix  elements  for  the  eliang»‘d 
Hamiltonian  can  be  dedttied  hy  e)ia:iging  llie  liost  matrix  elemeni>  :ieeording 
to  the  sealing  rules. 

The  basic  philosopliv  iv  '•  •/?)  space  of  enqiirieal  lighidiinding  theory  is 

similar  to  the  philosojdiy  lo:  ordinary  ]»sentio]ioie)niaJ  theory  un  A*<s]iueei: 
remove  the  distant  parts  (in  il-spaci*)  of  the  ji.iiniltonian  and  lnni]i  them  int.* 
near-neighbor  parameterN  lhat  are  determined  eminrieally. 

Tight-binding  basis  iun.*tio)tf  'ubk)  are  miinoied  from  (unknown^  localized 
qua.>i-atonue  orbitals  ]iihRf) 

(1 )  !«/-/;)  =  .V--  3  ulR,)  cx].  f/7;  •  R,  -  ik  •  r.] . 

i 

\\ln*re  u  =  .s\  or  -v*^  <]M*eineN  the  IilinJ^  tu*bii;il,  \\v  h  =  a  (ane»u) 

or  //  =  c  {cniion).  I:  ;lie  iJlorK  uavc  Vvrior,  is  .m  aiiinn  sHe  in  a  /.nu  bhmde 
>lrtictur<*.  have  =  0.  ainl  i.>  the  poNitimi  of  iio-  rl‘)ali^e  it*  tin- 

anum.  In  ilii>  ba^i^.  tlie  seeitlai  eipuitiou  redners  to  tin-  lo\]o  ,v\t<*in 
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M'lutrc  \vt*  iiiivc  (syinli(ilic:illy)  tlic  Pildcli  sliiu- 
C-^)  'k/:;.  =  ^\>ihh[i>l,k\Iu' . 

n»6 

Jit  tli(*  hflih)  riirlil*l»i!Hlin.ir  l)sisi.s  w<»  lutve  IIk*  ]o ir;jmiiinni;ni  lujilnx 
(A  =  ],‘J . ]0) 
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we  have  for  h  =  (2.T/aJ(/;,,  h,  J^)  and'  the  lattice  con.^tani 
//«>(*)  =  cos  cos  {aU2)  cos  (--r/;,/2)  -  /  nin  (.-t/;i/2)  sin  sin  (nr/;,/2) , 

=  --  cos  {nkili)  sin  (n:/.;/2)  sin  (.t/Jj/lM  —  /  sin  (rrA’i/-M  cos  {.T/.-./i)  cos  (.-t/;;/2)  , 
/7:(/c)  ==  —  sin  cfis  (ar/j./i)  sin  (rrAj/^)  —  i  q{}<  (.-t/;,/2)  .'»in  co> 
and 

*in  ItzI'xI'H)  sin  {nl\l2)  cos  (.-rAj  2)  -r  <  cos  (.*zA’i/2)  cos  (.7A'./2)  sin  (.7A*3/2) . 

We  Intvo 

o) . 

(2>rt/?!S’ij)«i?)  =  E{]),  tM  . 

(f!CR'E\ficR}  =:  c) . 

(j>ci?|5'|i)oJ?)  =  E{ps  c) . 

(\'*UtR\E\a*^(tR)  =  £(v*j  a) . 

=  y;(.v*.  c) . 

27  scR)  =  r(^'. . 

j  =  r{.r» , 

//  =t  r(.r.  //) . 

•^(.vajR  //  p,cR)  -=.*  * 

iTticR.  =  r(.vo, 

and 

=r  r{;ir,  ^-c). 
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Tlii.N  is  tli<*  lijisir  »•*  Im*  iixmI  throuulMnn  ri:c  pn‘>rMi  wnrU. 

Till  !‘t*:uU*r  .Nlmuld  lK»e*(riiu'  wiili  ii  l»y  wnrkiui;  tljt*  fulljiwir,*;  IIihm* 

I^rohlnn  J.  (.-oinputv  llio  vMu»r;,\v  su-ucnirc*  :n  A*  =  0  of  G;i3*.  lakinir 
youi*  xoro  of  oiicrgy  a  I  llu*  valoiioo  baiwl  tnaxionuti.  (.‘oiniiarc  your  irsulls 
with  lljr,  '2  of  ivf.  fO],  Fo'*  G;il*  Uio  Voixl  ridir-biuiliuu’  Juairi,':  ••IfUK'Uts  aro 
j:(.v.  n]  =:  y;(.v.  o  =  -  £(/o  n  - 

E(s^\  a)  =:  ^>,.-1:10,  c)  =  T.isr.o.  V{.s\  .v)  =  -  T.-iTuo.  1  >.  .r)  =. 

IV.  .v)  =  r(.vo.2>c)  =  4.2:71.  r(.vc.^;o)  =  (;.33i»o,  =  j.uoii 

ami  =s  o.n0:»(».  (For  oilior  soiuioomhn-tors.  p’f.  [(»)•) 

Priilikm  2.  Comjmto  the  Ijaml  strurtmo  or  rho  .V-poinc.  A  =  (2.7‘o^){J.  0;  o), 
of  the  Brilluuin  /.ujie. 


PrrtWrm  3.  Write  down  the  rliaiivre  in  Gie  ITaiuiltoniau  nnMri,\.  AZf,  iji  the 
\iibR)  h:isi>  for  a  27  atom  replacii*?  P  in  GaP  ai  iJ  =  U.  Assume  rlial  tlie  bond 
length  does  not  cliunge  when  27  re]»hiees  V  and  that  the  mairix  elements  involv¬ 
ing  remain  unaltered  (beeause  a®  simulates  nonloeal  ^-uects  of  distant  neigh¬ 
bor.^).  27eglcct  Jistinetiohs  between  the  host  basi^  orbitals  \)tlR)  and  the  eur- 
responding  impurity  orljitals  (in  .subsequetu  work,  we  >lmll  actually  be  usin.ir 
the  impurity  orbitals  at  the  impurity  site).  .Sliow  that  the  matri.v  4>'4  .  nd 
diagonal.  .Suppose  lurtlior  that  the  diagoiml  matrix  elements  T’ aJol  T Aj? 
are  gbvn  by  tlte  Vogl-Hjabnarson  sealing  rules  [C] 

(d/0  r  =  O.S(e*lv.  27)  —  /e(,v.  P^) 

ami 

m  r,  =:  o.c(tr{p.  X)  -  tnjK  P)) , 


wliere  the  atomic-orbital  energies  for  X  an**  P  are  [.i)  tr(\.  X)  =  —  2a.7J3i*. 

A')  =  -  37».I3^<S.  tr(v.  JM  =  -  and  JM  =  -  Finally, 

tisiiig  ref.  [(»].  determine  the  nuinerieal  values  oi  the  deir*  r  puientinls  ami 
1\  fer  0.  S,  ."<e  and  Te  and  f<»r  lb  t*.  X.  (3  anti  F.  If  yon  have  wmlo-il  pnddetn  3. 
you  havi-  set  up  the  Ilamilt*>uian  \ov  nbtainiiig  the  deep  h*vrjs  nf  X  iit  Gal*. 


3.  -  The  Iljalitiarson  ./  nl,  tlieory  of  deep  impurity  level*. 

3*J.  fhutlltiihi'r  tu  tuttrhs,  —  111  the  iatt*  ICutl.N  and  cidiahnra tin's  ile* 

velupiMl  the  e]ie«*I i\‘e-mas>  th«*»*ry  nf  Nhallnw  iniptiritie*  :n  M-iiiirniiiluelni> 
.Veennli.’.g  tn  thi*  I  hem  v,  an  inipiiriiy  ^aeli  a>  >  *  Miiii:  .\.*  in  flaA* 

pretiuiM‘N  .*  dinen"  eh'ti I'ln  that  urinl*  lli*  e.vira  nuidraJ  »'h:'i‘u»*  ’I  (relali\« 
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C(i  A.')  ill  n  liirjTt*  liyilnivTsiic  (U'liil.  Ilic  oiivcinju*  \v;:vc  fiiiiflidii  I'lir  wiiicii  .cuisiic.N 
:i  S.-!ir('n|’ii;;,'i  I ii'li 

(7)  [(-  /r  -Jm")  J  -  (X<-:rr)] .  •  =  (E  -  E^'r  . 


wlivi'i'  «r‘  i>  flit*  iHHiduclitm  l):iiiil  (.‘llVctivc  iiiu.'.'.  Z  is  rlio  cx’Ci'ss  viilcJU'O 'd  cIk* 
iiuyuviiy  atom  with  rosiH'Ct  to  the  host  aToiu  it  rcplaia-s  (uniry  for  S  ou  a)i 
A.'  'iti*  ill  GaAs).  £  is  Tin-  GaAs  staTic  (liek*ctvif  ooustani,  aud  E^  is  tho 
uUfr:.'y  of  the*  Ci')iducTion  baud  odge  (at  =  0  iu  GaAs).  This  cih-ciivc-iiaiss 
.stato  lia.s  a  Total  wave  fimctiou  that  i.s  primarily  a  product  of  tliis  ouvulopc 
fuu'.-Tiou  and  the  periodic  part  of  a  Bloch  fimctiou  evaluated  at  the  wave 
vector  of  the  couductiou  baud  miuimum  (0.  in];  it  is  made  up  primarily 
from  one  band  (the  GaAs  couductiou  bautl.  iu  iliis  case).  The  ellective-nais.s 
•Niate  i>  liydrogeuie  aud  virtually  hostlilce.  The  impurity  level  is 

«atMelied»  to  the  couductiou  band  ed;;i!  with  a  snnill  binding  energy  of  order 
10  uieV  (13. C  eV())r/Hio)-/£,  whore  »io  is  the  free-electron  ma.s.s)  aud  fol- 
law.s  the  edge  when  the  edge  moves  a  result  of  o.vternally  ai>plied  pves.suro 
or  :i!h>,viiig  U\ii.,  alloying  G.iAs  wiih  GaPi.  The  shallow  levels  control  the 
eleetr.  al  jiroperties  of  the  .semieonductor.  and,  although  the  impurity  potential 
in  the  central  cell  often  deviato.s  greatly  (a  few  eV)  from  the  Coulombic  value. 
—  Zi'';er,  only  the  long-ranged  Coulombic  potential  soenns  to  have  a  signiitcant 
oflect  on  the  shallow  .states.  (This  should  be  bothersome,  becau.se  central-cell 
potent i:i’..s  of  order  1  eV  must  produce  ome  effect  on  that  scale.)  Moreover, 
the  'hallow  states  are  localized  in  /.'-.space  but  delocalized  in  real  .space. 

The  eiTective-ma.ss  theory  accounts  for  many  of  the  data  for  impurity  levels 
in  the  band  gap.s  of  .semiconductor.s:  however,  it  does  not  account  for  many 
fact',  inelnding  the  following:  i)  some  i.-oi-lcctronie  in  jnirities,  .such  as  A* 
rejd::eing  T  in  Gal',  produce  level.'  in  the  gai'  ile'pii"  the  f  ‘-t  rlait  their  valeiie*- 
diiVerence.s  Z  are  zero,  and  ii)  .'onie  level.'  in  the  gap  lie  far  (more  than  o.l  eV) 
from  a  band  edge  and  are  «deep  levels*.  Early  attempts  to  explain  the'O 
fai'ts  at  tempted  to  modify  the  elVeetive-ma."  theory  to  produce  larger  bitidiiig 

ener'jie'. 

A  central  point  of  the  Hjalmar.'Oti  theory  [11.  jg]  is  that  cvcrii  heterovaleiit 
'ttli'ttttttioiuil  iiiiptirity  produces  Imth  ulcep  h-vel' •>  and  .'hallow  level-,  ami 
tlmt  till'  ulti'})  levclx  1  ih  not  upccxxiii'il;/  /»>  hi  thfi  iinulnmeiitnl  hunil  (j‘iii.  hut 
mini  hi'  I'l'xiniinit  in'tli  the  Imxt  hamlx.  Tin*  ih-.-p  and  shallow  st:!tcs  are  two  rpiali- 
ti.tively  diiVereiit  ivjie-  of  iinjnirity  'iaic'  rbar  coexist,  but  ;ii'e  rarely  iib-erved 
'iniiiit.ilo-oil.'ly.  Beep  level.-  :ire  cool  r*>|lei|  by  the  ce!ltr:il-cell  Jiotelltial.  ha\'e 
w;.  .■  function.'  ili.it  are  linear  eonibjiiatton.'.  of  \v:ive  function.'  from  many 
(  -'  |o)  ituNi  b.-uiii'.  are  often  :intibondino  in  i  hanictcr  and  ;ire  largely  lio-tlike. 
The  ileeji.|e\'el  eMergle-  are  oflen  Uliattachei!  to  nearby  Icilid  edge.'  .lod  do  not 
lollow  ilie'a  when  they  move  a.-  a  ’•eNiill  of  jire'-nre  or  alloying.  ]iee)i  impurity 
-t.ite-  .ii'e  loc.liizeit  in  real  -pace  .lioi  deioc;i ii/.eil  in  A'-'jaice.  Tile  aj'parent 
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« cnorfry  »>  of  n  <]<»<•)»  )vvv)  ivlulivv  \o  :i  iusiH>y  niiir  is  nft(*)i  )aru(‘ 
(ItMUlis  oi  cV)  in  nMirnifut'.r  ninl  run  l>r  Wltrw  :i  dr^jj  Jrvc)  in  (]jc 

fmnlainonln]  Inind  n  rnii  U’n]^  r.Vfiion.s  n»  idr.iri^r  r;irri<‘r>,  nlu*i;  fn]r.'nrin.ir 
tlu*  luninidinuvr  rrminbiinilinn  of  C‘lrrtn>n>  ;(ml  liolrs.  Tims  drrjt  Irvrls  ii  nd 
lo  inflnoJice  xho  njiiirnl  ]n'()]rjrlir>  of  smuroj  (lurtui>  “Vvi.  ni  ro)'rr)ilrnli<»J*s  n.N 
low  ns 

In  these  locTures,  wo  linui  t»ursdvos  lo  Irwls  nssorinird  wiili  .s’^r’^-homifil 
.Nulxliimionnl  iniimviiies.  (F^r  (liscu»ii*ns  of  iniersiilinl  ^/Mjoinled  i]nnnrinv.> 
iind  transition  metal  impnriiies,  see  ref.  [13]  ami  [14].  iv.>i>eclivrly.)  Tims,  in 
tlie  energy  vicinity  of  the  uajid  .^Mp.  for  substitutional  imiuirilies  in  lelrahedr.ij 
Ntn.'omluctors,  \w  e.vpecr  exactly  four  tlrep  levc].>  lo  j»ri.einate  from  tho  .^71* 
iK-nding.  three  of  whirh  are  doiL^merai**:  a  s-like  Jlj  Irvvl  and  a  7)-like  U’i]»:,. 
domerate  T*  level.  (.4.1  and  ap»  irr'Milieible  r^•)^ro^enlan^»n^  of  the  tri  ;»• 
lualral  ‘rroup  J^.)  If  these  (ulee]>  Irvols  w  due  to  ihr  rentral-eeJl  poiojoial 
all  liuppen  to  lie  above  the  eondm  tion  bam,  edmn  a.^  in  the  rase  of  GaP’.Sj, 
(S  on  a  P  site  in  GaP),  then  tlje  only  ]evel>  in  the  are  the  .Nhalhnv  le>  els 
associated  with  the  lonir-rnUjL'ed  Coulontb  potemial— and  ?  In  termed  aslnii  HW* 
impurity  because  only  its  shallow  levels  are  observed  in  the  'rajn  If  ojie  »•.'  th<* 
deep  levels  due  to  the  eentrabcell  potential  falls  within  the  fundamental  band 
gap,  as  witlj  GaP:Op.  rlten  the  imiuuity  is  tc-med  • ‘h-ap  But  a  eentral 
point  is  that  both  shallow  atid  doop  levels  of  the  same  m.j.uriry  coexist  (fig.  3): 
they  are  distbict  (altliough  deep  le^’cls  near  a  ba);*l  edge  may  hybridixv  with 
shallow  levels).  Isoelecironic  defect^,  such  as  Ga]*:27p.  Inive  m  long-ranged 
('oulomb  potential  ajid  henct'  no  sluilluw  level  :  all  oT  tl  rir  defect  levels  (except 
)u)ssibly  levels  associated  with  a  strain  held  surnmndijig  them)  are  ^^deepv. 

3*2,  Eitcygif  acalcs:  and  the  na1u)'(  '•/  iho  thyoni,  -  Before  i‘onsiruetinu  a  theory 
of  d‘*e]»  impurity  ievsds.  one  should  fir^r  dete  rmine  tin*  imjmrtajit  jdivsir.N. 

To  begin  with.  tl»e  bonding  in  semieondtiri*'rs  is  sjr  in  eharaeier,  and  a 
}uoper  treatment  of  a  localised  defect  ^tate  must  aeroum  for  lids.  1‘ln*  spretn*! 
distributiiuj  of  the  S7)*  bonds  eover^  ^  2n  cV,  the  roinbin*'d  widihs  of  the  valenee 
hands  and  rh--  lowexi  romhiriion  bamU. 

The  defec*.  potenii.d  in  the  central  «*el)  l  an  be  crudely  estimatrd  as  the  d  i* 
fereiire  bctwerii  the  aiiiinic  energies  *.f  tlie  dei*tM*i  and  tin*  liosi  atojn  it  ro)»l.i» 
—ami  is  typically  clvcii'ttni  jU  in  if  order  .*»  eV,  7  e^*  ajnl 

.1.7  •  V  fur  IS*  and  O  [n\i  *».»  ihr  1*  site)  in  G;*  I  i  d  4  eV  it»r  ]‘  in  Si.  '!*lie  f:e  i 
iliai  liie  •■‘•niral-eeP  ilefe.  ‘  )»meji;‘.il  is  .NO  la*u»'  ’dnmid  he  <xireme)y  ]uiKzlii  v. 
eN}»e(  ially  in  tlie  ra-  of  tin*  Nhallow  donoi-  ]*  j:.  .>i  and  S^.  m  GaP — beeaiise  27... 
lure  reiptires  that  a  periurhaimn  o;  s.  ver;.ii-leriienvn)i  exhibit  itself  on  seal*  of 
order  of  elect  ri  nvoli .  ami  tin*  slniliow  im]Mirit  ie^  ajipear  at  hi  nI  “j.iure  to  exliilut 
ronNeC|m*nre.N  oj  tin  rent ral-rt'll  delei  t  i.4!  on  oni\  tlie  iinIli<*Jeetrojn  «•!: 

scale.  'Pile  reM»*:tiiin  of  iIin  dileioma  h‘‘s  in  the  Jart  lljai  the  s'eallo"  dmo*!  ^ 
als(»  produce  deoo  r<*son..i  ees  »,  t|U:' ^oha-.Ji/et:  energies  of  or(t<-r  ]  e\’ 


i'i:uTrj|:r».vnu,v>‘  in  ??j:,Mh.vxj‘rcTOi:s 
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r. 


s/iat(ow  attp 

F^\^  3.  -  Scliomatie  illustratiou  of  the  diii'erenoc  bonvecn  i'Shaliow  and^deq** 
^i>--bonded  subscinitionai  (donor)  iinviiriia'S,  ntu^r  rof.  (:{]•  The  shalloxv  enert,T 
in  the  band  are  dashed.  The  deep  iereis  of  ^.-Jike)  and  T.  (pdike;  symmctiy 
are  denoted  by  hearr  lines.  In  tuo  case  of  a  «shallo>e  jtnpnrirr/tbe  deep  fevols  are 
resonances  and  lie  outside  the  fuudauioutal  b.ind  crap;  for  a  ^deop  iiupuviiy*>  at  least 
one  deep  level  within  thi*  gap.  The  lowest  level  is  occupied  by  the  esira  elvctron 
(dark  circles)  if  the  impurity  has  a  valence  one  greater  than  tUe  host  atom  it  replaces 
(c.p..  or  0  on  a  P  site  in  GaP). 


above  the  coudueiion  bund  ininimunu  rite  cNi.sUuuo  of  iliost*  rO'ion:uu*v>  bu.N 
bt*rn  a]>prec*iau*(i  only  ircoinly,  Thi>  notitoi,  tliat  un]mri;i<‘s  jutiihn-i* 

!m*ls above  tlu*  voitthu-iiun  liuud  niiniimun.  rvquiroN  a  nvw  dvimiiinn  nf  *.  d**vi»  ^ 
TIk*  old  definition  was  that  any  level  in  the  fundun>t*ntul  band  .iraj*  morv  iliuii 
u.l  e\  from  the  nearest  band  ed;:re  was  ^doepM.  Xow.  followini:  II.T.\r.M.\nsoN 
a/.,  wo  (Iviihv  a  deep  level  as  on.*  whose  idivsies  is  <*onl rolled  by  ilu»  rejiijul- 
eell  potential:  as  a  resujf,  #  dee]>  -  levels  tiow  may  liave  very  small  (<  n.i  v\] 
bindinsf  energies  (sindi  as  the  }s  lev**!  in  or  may  lie  ab»iv<*  the  ’■mnhn  ti<iM 
band  edge  wirb  -tie*:ariv<‘  binding  energies resonant  with  tbt»  Ini^t  bands 
(«  deep  resonances*)).  Tlioy  may  also  lu‘  resonunr  with  tlie  valence  bands 
{binding  energies  grentiu*  than  tin*  band  ga]))* 

In  adtlilion  to  the  eentra]-****!]  pideei.ai,  N«*Ver:’i  otlun*  physical  o!  .j-is  iidlr- 
enee  ileep  leVeis  on  a  seeje  of  a  l‘i*w  \ru\)  .  oi’aiie\'.  These  ihelmb*  l;*niie  relax¬ 
ation  a  nnind  I  be  defect  (ird  ami  p-bargo  Nlat*'  split  tit.g  JUI.  1  7]  (pj  t  be  defect  jev.-iv 
{p.//.,  the  diiP’r-em-c  line  to  elei-i ron-i-Icclnn:  inierai-iniiis  in  tl.f  .md  pmo - 
elect  tarn  energy  levc)**  in  .Si).  ijermore,  the  ('otiiomb  noteiiii;:!  **ui'it(e  the 

**cni  ral  ceil.  —  •  .w.  is  aKii  of  orth*r  n.]  i-\' fm*  ,  In  mmdi  **f  ( lo*  \\p»rk  ue 
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ilix’U.ss,  w'o  ;:11  .>uc'li  n.i  rV  ;mi(]  (‘(mi-cni r;Mc  (Ui  ])r«Mlir! 

lla*  irntirni  irnitla  iu  (!(•(•]»  <Mirrt:y  IfVc)*'.  I'roin  uiic  ijn|»iiriiy  id  jiimilidr  nr 
j’nnii  d’id  Ijd.'t  ti»  ;i:idtluM*.  Jiy  nc^irlct-iidi:  tlu-x*  wv  dhi:iiji  vory 

tlic'tUT  Ih  w'lurh  tlid  i)nU*nli;t)  iii::tnx  is  (ill  a  lucalizdcl  liasi>) 

aiMl  is  ldaalixv<l  In  llid  n*!)  of  |)u*  «U*fvrl — Immsuim*  df  ilu*  sraJin;:  ni!d> 

dj‘  llu'  Vdirl  liainiltoniaii. 

Tlif  band  ;rai»  nf  a  tyjjiraJ  s<»inii*(»nil!irld)’  3  fV  and  >nwiids:  nf  ji  jdval.s 
:uv»  liiiorUMl  Kiward  tlotcrniiliin;:  iIm*  IdViO.N  wilJi  ;:k  arcurary  af  <  11.]  cV.  lltiw- 
over,  tl  V  band  ;:ai)  energy  is  not  a  .>eale  of  jdiysica]  re)t*v.*iire  tu  llie  dee]‘* 
in»])iu’ily  jjrablejn.  because  de(»])  leve]>  ^wljetlier  « l»dnnd  » iu  *ln’;:a]j  or  resonant ) 
are  unattaeiuMl  l(»  iiand  edires.  Instead  lie  liaiul  ;;a]i  eiier^ry  tleUnanines  I  lie 
scale  of  e/iv/v/vz /;//////  of  most  dee]i  Jev<*)s.  A  sijn)ne  way  to  tliinlc  abt>Mt  doe]» 
impurity  levels  i>  Miat  tlu*y  lie  t)irou;rlnmt  tlie  ^  :;n  eV  raU'^e  of  bojid. 

but  that  only  ilie  small  fracJion  of  tlie>e  levtds  tliat  lies  wiildji  I  lie  «  wijidow  » 
of  tlie  band  ;:a)>  is  (djM*rvabb*  liy  eouveniional  nteaiis.  lienee  a  eom)i]eie 
«les<ri])Uon  of  de(*p-lev(*l  exjierimenis  on  tlie  si-ale  of  ob>ervabilily  of  dee)» 
levels  recyiiies  a  theory  witls  an  accuracy  of  O.l  eV  out  of  liii  eV,  or  0,.”  f*;,.  X»i 
contemporary  theory  is  capable  of  sueli  auai'curacy:  the  be>t  aceuracv  achiev¬ 
able  is  a  few  tentlis  of  an  eV.  Tlierofore.  tlie  "oal  of  theory  should  not  be  to  jire- 
diet  fclu  absolute  ener^nos  of  deep  levels  in  the  band  ;;tnp.  beeause  this  goal  ispre>- 
ently  uunttainable.  ra.ther,  tlieories  should  be  constructed  with  the  intent  of 
simply  displaying  the  ]*hysics  of  deep  levels,  jiredi*  ting  ehemical  trends  in  data 
and  predicting  (pialitative  plienomena — such  as  suggcNting  tlie  ombtions  under 
wliiob  a  deep  reM»nanc(‘  ,'^hould  dcNeond  into  rbe  band  ga)i  and  liecome  a  bound 
deep  level. 

Because  of  rbe  intrinsic  limitations  0/  cuiuen.jmraiw  tlieory.  Hj.\’A1.\3:so>: 
a  oL  constructed  a  theory  of  deep  levels  iliat  eon.Nidered  only  the  eeniral-i-ell 
impurity  jiohutnal  of  tlie  defect.  The  theory  ean  be  and  has  been  niodiln»d 
to  include  lattice  relaxation,  charge  ^:ate  sjilivtings  and  rlie  long-rang<*d  jiari 
of  ihe  screened  Coulomb  interaction,  bur  tlie  requirement  of  >im)i]iciiy  i>  be>r 
met  wirli  ihe  Hjalmarson  model.  Jn  fact,  she  moder>  jireuictions  liave  turned 
out  to  be  in  remarkably  good  agrt*emeni  with  il*e  tlaia. 

In  3000  LaxnoO  and  LnNGbAUT  jnedicled  tlie  dee]>  energy  level  03  the 
tlianumd  vaiancy  using  a  .^inqile  light-binding  model.  T).*‘ir  appruai  h  ])redicl.’' 
deeji  level>  in  gootl  agreement  with  tlie  nio>l  recent  ealculaliou.v  (30-l*0].  and 
their  l igi  l -binding  i»iecs  ]irovided  an  e^M-uiial  guide  i'or  the  ilevchquneiit  of 
the  Ifj'almarson  tbem-y,  *rbe  two  (-)eim*nt>  that  ar«*  fro-a  that  i*arly 

work  are  i)  cm  aceiiraic  treaMoenl  os  b-ith  iIm*  sp-  i-liaracN'r  of  i!ie  «di4*mieal 
liocd  ami  I  he  indirect  comim-^  ion  hand  Ntruci ure  ami  ii)  a  quantitative  jire>eri]e 
lion  for  ]irt‘iliii ing  tin*  ib*e:*  e3  im)utriiicN  a.x  uidl  a^  vai*ancic.s,  that  i-, 

a  Nchfine  lor  ileiermining  \  \ir  iboeri  jH*;i*nii;:J  oj  an  iniiuviiy,  (3*‘or  a  vac.inr\* 
the  d.efeci  ]inle}iiial  inbnil<*!y  iii*siii\i\  as  xIicami  by  l.ANVooaml  ]j:N*ni.AnT, 
iaiU^ing  the  delerl  tatoUM  to  be  iierou|i)ru  irnlil  I  liO  lne’  }iy  virtiie  '0  the 


UK*Ai.:zi:i>  muunsAi:«»N>  i.s  4Ta 

i!iliuit<»*cu(»r;ry  tlo!it»ininat<M’s  in  iu*rtur));Uicui  lliodry.)  Sni»>«(|iu»nl  ti,dit-)»in(iin.tr 
tliiMirif.N  n{  iinimrily  h‘v<‘ls  luri  with  vnrviuv:  nf  Mn*<'(*s>.  InM  u 

:)i.i^nijir:tnl  iiniinivcincnt  ocrunTd  ;i>  a  n*siill  uf  tin*  \vo!’)<  di’  A'c**;!  </  aL, 
l)niilncfjl  iln*.v/>V^  Ifatniltoninii  wiili  maiiifnsl  rhominti  in  ii>  jiaranminrs 

:iihI  with  ;nk*(iu;M>*  r‘!»Mhn’l i<in 

3*3,  Hjftimarsito  flicori/  of  drop  Irnis,  -  Tin*  lljalnnnxni  llicnrv  uf 
iiii]nii*ity  levels  is  a  Green’s  fniivlinn  theory  o!  tJie  ty])e  ju'ojHj.srii  (iri.uinj:J]y 
liv  IC(».s'n:r:  jiinl  [-7],  Tin*  iioNf  ll;unill(ini:in  matrix  /i"  i.s  tin*  Vo.d 

Hamiltonian,  eq.  (4).  Beeatise  latrii’e  relaxation  ami  eliani;es  of  Imnd  len.irtli 
Inive  been  ae^deeced,  tin*  defeet  ])otential  matrix  T*.  in  tin*  A/rV-*  ha.Nis  localized 
at  eacli  ^ite,  is  zero  exceid  at  tin*  iminirity  site  atid  is  dia^nna*]  at  tin*  imjmrily 
site: 

(S)  (iil>R\Vlii'li'R') 

Hfn*  d  is  rill-  Ki'oiicfkiT  ilclla-fuiirlinn  and  wo  laivo  v  =  (1',  Ij..  1',.  1,.  <  i: 
r,  and  T’,  an*  jiivcn  by  cii.s.  (C).  Tin*  Hamiltonian  i.> 

(!>)  H  =  E''^V. 

Eocausc  the  defocc  potoniia]  na-irix  is  localizod.  a  Green's  fum-tion  metliod 
is  ii.>eful.  ivmally  to  find  tl:e  iniimrity  levels  in  a  crystal  of  iT  unit  cell.^  wiili 
two  atom.'  ].>er  cell  and  live  orbitals  per  atom,  one  mu.'t  'olve  by  bniu*  I'onc 
a  li>y  X10.>'  matrii:  aquation.  With  a  Green's  function  metliod.  one  neeil  only 
solve  a  4X4  matris:  the  sin*  of  tlie  deiei-t  ratlier  tlian  tlie  'ize  of  the  crystal. 
In  facr.  tetrahedral  point-aronp  symmetry  rednccs  this  1  v4  matri.v  to  four 
1  xi  niatri.\  equation.'. 

The  Greeit'.'  funelion  matrix:  for  the  iierimlied  ery.'ial  i.' 

(in;  0(E)  =  {E-H)-' 

and  i.'  related  !(■  the  iinpertnrlaM!  (ireeii's  fmolioji 

(ill  G"{K}  =  (i’  -  H“)-'  =  I  !Av.'-(J:  -  l\.  )-•  /A-;.: 

Ti 

by  Dy.'iia'.'  equation 

(1-*)  a  -  h"  tr  vo . 

(X’fril'y  ilii'  by  innli  i)ilyii>c  "n  i!**lffi  l>y  7;'— 7i";*nil  on  ilu*  l•l.^;hl  li>'  V.—Il.) 
TIo*  foriaal  'ii|aiii*ii  i>j  ])\'oo''  ciinaiioii  i,\  iln-  malri.v 

( 1."/  /;  (1  -  >.!"  i']-n;'* . 
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Avhirlj  li;i>  iinniriviaJ  s<i)iUioii.N  ;il  \  In*  h\  iIh*  ion 

(H)  ui‘l  |l-  ^'-T]  =  u  , 

Tnkin;:  nniirix  oNmihmiIs  uJ'  iIk*  sornlnr  ^Miujiiinn  in  l)n*  '.**/*/{)  Imsis.  \\v  jiiul  Hk* 
ci;reuvn)iu*  4»nuntiuu.s  for  tin*  u-  v\m'}:y  7: 

(.1 T7‘  =  {.vZ>if,-j.vDi  =.  /•  3  i(.vD;/.v;  -■;[£  -  e,,} 

k). 

ixinl 

(10)  r;‘ =  . 

Ju'U’ritin^'  llicsc  results  in  terms  of  the  loesil  Imst  .■>jie(iv:il  (lensiiii.>  E*UC‘) 
iiiid  liiiee  [:;$] 

CO 

(1 7)  r~‘  =  pjiVG-EliE’mE  -  E-] 

— o 

;t:nl 

m 

(IS)  i7‘  =  p[di:'i)i,{i?')/(i?  -  £•] 

^r;tll 

(19)  i)®(r )  =  («P;<j(r  -  =  3  n»Dh}./i:>\E-  r^j) . 

w 

To  <ee  liow  rliese  results,  eq.*.  (17)  ;tnd  (ISI.  are  nht.iined  nioro  direetly. 
it  is  ti.Neiul  to  take  mairi::  ei<-*«ei!tN  of  Dyson’s  eqt.ation  (12)  in  the  basis 

and  to  eoiisider  ilie  iuiinn  jy  site  bR  =  D:  we  iiave 

(20)  (»E)  fr  II  D}  —  iiiD  ('’‘ill  D)  —  '^(iiD\G'‘rD)t\{vD',G  »•  O'- , 

r 

^vl^l•lv  //.  II  mnl  V  ran^ro  ovov  x.  y/*.  y)„  ainl  lioranst*  i>  iinaHanl  nnUor  tlio 
o)K*ratii*n-  i*i  ilio  !»*iralitMjraJ  point  JE/®  anti  iE  —  JZ'T*  an*  invanain 

t»)H*ra!or'.  Sincv  rlit*  vsiau*  iran-J«tr)n>  at-fortlin':  it*  iln*  .Ij  imMlin*ib)c  n*prt- 
.NtMUalittn  ttf  ami  tin*  yi-slalf.N  iraU'ft»rjn  aciMiniinj.  lo  ilu*  ,t\  //  aiul  2  rt»w< 
t»f  iln*  J-  ivpiv^»‘n!ali(tn.  (i/i^  ^“l^J9/  i'  tliajronal  in  n  anti  <•<!>.  (J7)  aiml  (IS) 

Tilt*  fifr;:}*  JC  always  Iti  In*  i!iU*rprfh  tl  as  li.-.vini:  an  iiilinili'Niina]  jnisii.v-t* 
iina,i:inar\  iiart  ni;  tlii.s  i^ivfs  tin-  riir»ft-i  liiiinitlaiy  t  .iiihlhats  I’nr  tin*  (iiVfiT.x 
jiint'iitin.  tif  iliix  mnl  ilit*  itlfiiltiy  (./' •  /n,-  ^  ^0!'*') — ''t* 

liaVf  (i*S] 

(?(/•;)  =  i:id(E  ^jd. 


wlivn*  P  ilf'ioifv  .1  prinfi)i:il  vain*'  aini  »>(.#)  ix  J)irat**N  tifila-lniit  iitni. 


i.ov;AUzi:i>  n:i:Tn;i;ATJ*»Nv  tN  «nMK*MN*!>rcTOi:.< 
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lJ(|U;aif»ns  (17)  nijtl  (IS)  uvv  llic  ronlral  <M|U::tinis.s  of  lln*  lln'orv. 

*JV»  >olvi»  tluMU*  oin»  Jo  lirsi  <»V;;ln;5  4r  1)h*  >|in*lr;:l  uo:i^ili<‘s  for  tin* 

lio>i.  \V)n»n  tin*  IhiinilUMilj.-n  2Z“  is  »Ii;i,uon;ill/iMl  lo  Him!  tlo*  7;^;. 

llio  ov(M’l;tp  i!U!\i.T;ils  ()thk'hA>  ;n*<*  llu*  <*oiii]»oiu’nlN  of  j)i(*  jjoriujjlix**'l  ci.ci’i:- 
v<*<‘inr>.  Jji  of  >\<*  linvo 

-r  r,)]f/^//A*!Av;*  . 

rioijCi*  wo  Jj;ivo 

i>l(r)  =  I  |(//AA:Av>!-(M-t”-^u^  ’ 

u 

wjlicli  r:in  bo  sununotl  v^illior  usinj;  llio  Loliin;nm-T;iut  inotJMul  [liO]  or  (for  tlio 
<liM*{)*lovol  onoi^y  E  in  l!io  fujiilanioutnj  b;ijnl  jl';i]>)  u>in.:f  I  bo  .NjiocinJ-jioinr 
nioiliod  }3o]. 

In  in*;iolioo*  rlio  (loop  levols  mul  nr»*  ojiJ<*iiI;i!otl  by  o(tjninnin,tr 

llio  I'unolions  l’(£^)  and  »*•''  f<dlow^:  i)  a  valuo  of  E  is  .solootod,  ii)  »:io 

spectral  doasitios  i>^(L’‘)  are  ovaluaiod,  iii:  tlio  ri^riildiand  sidos  of  o«js.  (JT) 
and  (IS)  arc  ovaluatod,  and  iv)  V\  ajnl  aro  doloriuiijoii  ;nnn  tlio.M*  oqua’ions. 
Plot^  of  E  vs.  V  for  .Ij  and  1\  states  than  .trivc  predictions  of  dooji  levoJ.s  vs. 
defect  atomic  oner.v7*  (>ce  ocjs.  (C)).  TJie  vacaju-y  level.*)  are  ine  asymprote.s 
E(V^oo)  of  these  curves. 

PvobJvm  4.  Computo  Tl^)  for  energie.^*  E  outside  the  Ini.st  band,  in  the  oa^o 
of  a  deiVot  in  a  one-dimeusiojial  jiearest*neighbor  (iglad)ijnlihg  cry.stal.  (Hint: 

Compute  the  band  struc¬ 
ture  i;\.  Thou  coiuptiie  ~ 

ovaluaio  ;/?*)  =  (E  —  aiialyrically  for  »*uo}*gi(*s  outside  of  tlie  band. 

u.no  a  oontour  integral  over  the  unit  oirolo.)  IJopeat  thi.N  eab-uhition  for  ih** 
defem  on  rbe  P  sice  in  GaP.  using  first  one  special  point  [30]  and  then  ten 
.special  points  'u  evaluate  the  .'>mns  over  A\  You  will  obtain  good  iv.«>ults 
with  ten  special  point.$. 


4.  -  Qmditativc  physics. 

Tlio  i/ao/iOO/Vr  pbvNios  dolonniiiing  deep  levels  i.«i  depiei‘*d  for  the  ease 
I'f  tbiPiXj.  in  tig.  4.  aiior  (111,  In  ibis  figure  wo  ooiiNrMer.  fur  siinpliciiy.  unly 
tin*  .v-Ntutfs  Ilf  iiio  aJuiUH  (and  tin*  .li->yiiimot rio  defool  loVol)  and  liulo  ibal 
lilt*  (1.4  ;ilun.  I*  oiiorgy  lies  abuvt  I  bo  I*  tMKO'gv  WIhmi  llioso  U\u 
\op:i  ralcil  iiioniN  are  brninjht  her  inlu  a  rnufiM  b*.  I  In- i**Vi*U  ropid — roNnlling 
i:t  a  biiietiug-.tniiiiuiidiiiir  Npliitin*^  that,  in  ]uu«‘'^t  urdor  uf  pertnrbatiun  tb«Mir\ 
abiuu  I  bo  intiniiodai  *ii  i-ouiiNtant  limit,  is  jirnpuriiunal  lu  r,.).  wlicro 
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r  i.s  tin*  tnni.sIVr  in;iti-ix  (•li'nM’iil  (;;ii(l  i<  j’Ihmii  iIh*  s:iinr  for  nil 

r'ontliioMM's  |7]i,  1'ho  poiiM  i>  thnt  tlio  lminlio;:-;uitil»on(lii:;:  s)>linii:i. 

i.s  invtM’soly  )M«»]inrli(»n;:J  lo  {Ii<*  ciin.irv  {lonooiiinitor  ^VIlon  iIm-m* 

innloculos  wvo  hroii^^lil  tni^rllno*  iiU<»  :i  solid,  tin*  ;i!il il'oiulioi:  stnu*.'*  jnodiiro 
ilic  oonduc'iion  Intod  nod  ll..-  I)iiiidinj^'  stnt«*.N  yiold  \]\v  vnU*nrv  band,  tin* 

fniidnnioiiinl  bami  ;;ap  in  ImMwccii. 


V* 


i<3EEE 


j 


cffe;) 


i 

i 

i’^?ev 


/lyoeraew 


ato/n  not^cuLif  ioUU  cf/fct  -/noiecuif” 

Fi".  4.  -  Scbeinaiio  ilhi5n'iUiou  of  the  (|uidiTniive  physics  deep  levcds, 

alier  ref.  [3,  IJJ.  See  tex:. 

2Co\v  inia^rioo  a  ^dofei-l  n)oK*eule  *•  wirli  a  X  iiii]ni:*ry  re)*)aein;'  one  nj  ilu* 
P  atonis.  Its  atosnif  enor^ry  is  sr  7  oV  lower  than  iliai  of  J*.  and  so.  wImmi  ii 
ioTerat  U  wirli  u  G;;  :;in:a  to  ftnan  a  .  lefuh*.  the  reodrinv  uojulinL-aiitihiijjtlinu 
sjdirfi::;:  is  ssnaDcr  >lia::  lor  Ga  am!  J*.  beran.so  tin*  enerjry  denojuinaior 
i.s  :r.  7  eV  larmier  tlian  the  denouiinalur  —  fj,.  A>  a  re.>nlt.  tlie  level  in  the 
♦raji  (tin-  deep  level)  eau  lie  below  tlie  ctinduetion  bi.ad  edj^re  in  the  ^'aji  In 
fact.  li.e.  4  illustrates  ilnit  the  issm*  i>f  whether  a  oeej^  level  •<  hound  <>  i)i  the 
};aj»  er  ♦<  reMU.aui  i*  with  tin*  li(»st  ban<i>  dept*ml>  ]»rins:!rily  (Ui  wloulnu’  the 
banr  are  broad  enough  Xu  eiiv<*r  UJi  tin*  th*ej»  level:  that  i>.  U  «le}uunU  <U|  ll»e 
aniouM  »»f  honiliuij^-amibondin^  s]dit!jnjL^ 

.'>t*\'er:‘.)  ft*aiUi‘t»s  of  4  are  wortliV  of  S}>eeiai  ineniiou'  i)  Tin*  X  ilei*)‘  leVid 
i.N  ileriwd  from  Gm*  Ga  d:tn;:linj:-bond  «‘nerjL*A’  and  anubojuliuv  and 
(Grdiicei.  {ad  nu|U{rityhlo-  ^X-lilce).  Tin*  X-liKe  lev*  )  i>  li.e  bondimr  h }!}»»' »'d*  * ^ 
In'rt  lyinif  be)*iw  I  lie  \aleiiee  baiitl:  it  I'  fieidrienilx  Mi::<’livi*,  bfiu;^  lull  <il  <diM*- 
iron.'',  ainl  is  iioianallx  unobNes'veii.  ii)  'I'lu*  dei'p  level  urilut^onal  lo  ilu* 
hy)ienl<‘e]>  level,  iij)  Tile  deeji  level  re)»elied  {;pward  by  i)je  hypeid<*e]i  le\i  1 
b\  nieaii^  of  I'ne  bo{Mlinu*an1  iboiainit:  level  rejiul^io;  ,  IVI  Ti:e  deep  |e\e|  In 
«•  ]iinn(*d  to  liie  Ga  daniihevi-boiol  level  and  eatiia.!  In*  pnlleti  below  it:  Jnjit.i^Mo' 
ileei-eaNii'i:  1  be  mertrx  oj  I  he  X  level I’elal  iv<*  to  fj.  h'elo  —  7  eVlti  —  l.*»  e\* 
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{ti.vy.Ui*ii)  niid  tliiMi  to  r:  —  lonocV  (:ni  v;:cjini'y):  tin*  t*iM*ri;y 

will  iimvc»  (Itiwu  iiiily  sli.tflilly.  iirvtT  tluni  tlif  (i;i 

hnioi  or  i<lo:il  I*  V;'r::iiry  rnorL'‘y  of  Tiii>  i.s  I  lio  iijoniiiii.t:  of  <•  ilr<*)!.h*v4*l 
*»:  Mtijnr  rhtnttfvs  ht  flu  thrp’^lvrrl  puivittlul  rrsiilf  ht  oitlif  mhu*v  Hunttjrs  »#/ 
flu  tlrrp^lrnl  iv/y,  4ir  jjl/;  M  T  1. 

TIu*  <h*cjt-lovoj  nin  Ik*  illiislnilotl  by  jilottiii.ir  llu*  4|«m*jj  K*V4*)  ii:  ilo* 

;r::|»  llo*  dcfcol  jiorolit iol  T.  wbicli  (jtri-onlili^^  to  tin*  Vo;;l  nKKU»)*>  Ncalij’ir 
riilos)  i>  proportional  Co  tin*  diiioiriMH*  in  atoniir  cnoiTiit.s  of  the  ib'frt'l  am^  i1:o 
lio^r  (P  atoinn  Tlii.>  dojo*  in  ti^r.  •*»  fto*  tin*  .vliko  Ai  >tatrs  of  4b*j**rt> 
tniin.ir  for  r  in  (lal*.  Tin*  rnrvo  7r(rj  is  .siiniiar  \  u  a  by)i«*rl)ola.  bavin^r  tin*  onnryy 
of  a  fla  dai^ulinir  bond  or  ;;  1*  varajn*y  its  asyinjnoti*.  0i:o  ran  that 
£{V=  zo)  r4»rn*s)iond>  to  a  varaiM*y.  boranx*.  as  tin*  ina;rnirnd<‘  of  tin*  dri*«*i 
pot<*ntial  inrrva.NC.^.  tin*  dolrrl  atom  lK*r(‘nn.'.  |rN>  ;  n»l  K*.>S  rnn]‘b  d  t((  tin*  lo‘-st 
(n*ra)l  tliat  in  ]K*rtnrl»atiini  tbrtiry  tin*  ronjdin;:  i>  inv<*rsoly  juMijairiioral  m 
an  i*nt*rj5:y  drnonn'nattir  of  ordrr  V)  until  ^'i»r  r=sco  tin*  dofrrt  is  totally  nn- 
4*0Upl(*d,  nanirly  a  varanry  |1S],  (')nrr  oin*  rrro.irtiizfs  llial  tin*  jdiysir.N  of  4b  <*p 
Icvids  ivsults  in  a  nyperbidaiila*  rnrvr  JitT).  tin*  pnddcnt  of  )u*(*diriin;ir  drop 


^zie,w  ozncL 

>  «  «  «  ♦  4  f  I 

-5C  -CO  -30  -20  -10  0  10  20 

aeftz:  oo:e/ic»at  (t-v) 

ri‘Jt.  *».  -  Kiirri.'V  lc\**‘l>  ill  llii*  b.iiid  uat*.  a.N  it;di'ii|ati*d  by  I1.1aL>J.\i:.'*»n  W 

t‘.v.  di*K‘(*i  )tiKi’iitia)  no  .Ij  .sviiniifti if  uC  itrici*i>  tin  tLf  J*  >in*  in  aOrr 

!vf.  N*»io  liaii.  i:  tin*  ilnory  in  :  iiu’ii  liifr.dly  \uili  *  *»  allouMuer>  uir 

lliiia*!  laoiiy,  thf  drfiTl  prftlirliMl  III  liaW*  n  di‘f|i  )fVi‘l  111  itif  jiul  .sli*^)ttl\* 

ticluu  till*  coinhit  .Mill  ti.iHii  l•d•^t•.  KN]ii*rinit*iiially  n  i^  Kn*A\ii  ih.it  .<  i.x  a  >lu.!)itu  liunui ; 
henri:.  om*  iiin^L  inaki*  aiiuwanrf.N  Inr  tin*  uni't'Uaiiiiy  in  ;.*•*  liivtoy  aiut  icrif^ni/A*  that 
in  Caf!  ilii‘di*i*|i  irri-)  lur  iniNi  lit*  ^li^lit  !v  atniVr  I  In*  i‘t.indiicinin  band  tiiiniiiiuin  in 
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JollX  J».  J)0\V 


WwU  rt*(lucfK  1(1  ]»r<‘iliciiii;x  I'^’o  mnnlKT.s:  tlic  iilc;iJ-v;jr;ijwy  ciKTiry  i'(oo)  ;tiHl 
11k*  tliivsliold  ])oLvnti;il  I’x  Ihc  n*s(m;inl  (Icrji  level  ));i.sm*s  inlo  lli(»  iLTJip 

;nhl  (•t*»s(*s  l«*in;^  u  resonunee, 

]n;:ur(*  (»  illnstrnles  very  seli(*Mi;ilic5i])y  lie*  \v;ive  fnnrlious  of  (let*])  leveis, 
only  .vst:il(*s.  fer  >iiMj>liciiy.  TIm*  lotsl  v;ijt»nec  bajnl  of  (^ol*  lies  a  liojitiin;: 
wave  fnnetion  lliat  is  lar;r<'ly  V-lilo*,  bul  willi  a  si^rjiilieaiit  (la-likc  iMiniinnienl. 


b) 

Tig,  0.  -  ScLeniaiic  ilhuaauoa  of  tlto  wave  fuaciions  in  the  (bondincr.  n))  valence 
niiu  (antiboiidini:.  b/)  baiaU  (•(  Gal*  (luinj:  a  model) ami  in  tlieUindin? 

(bYa»eiucej»)  and  aiaibrniduiv*  (dee)*)  Irwl*  of  N  on  a  1*  >iTe  in  Gal*,  an  or  lef.  (H}. 

Wlien  y  re)daees  P.  i*  nnav  eleririniemitivo  and  arirae^s  elver ron^  to  it, 
A'  a  re^nll,  ilie  Immlin'r  livjierdet*)!  level lia>  a  M.ive  innelion  ibat  is  uverwlielni- 
inuly  i^dilce,  wiili  jn^i  a  .sijml)  (ia  .■ninjameni.  The  annlmndii:^"  det‘)i  level 
i>  tn'ilittj^ona)  lo  the  1  vjierdeej*  l«‘V»‘l,  ami  >(*  lia>  a  navi  fitnetion  iliei  i.s  alnioNl 
e.\«  hisively  fla-like,  wiili  only  ,i  ^uiall  ^  eniiqMineni. 

All  Ilf  lliesc  ideas  have  been  abstraeled  :rom  ibe  IljalinarMiii  ci  n/,  tlieury. 


5,  -  Evidence  «iij»|mriing  the  theory, 

I  ih*  iliiMiry  (if  Hjaliiiai  >11  *t  a/.  jll.lL*]  liav  niiiile  liierallv  i  lidiiNand.N  (»f 
in*i‘dii  tiiihx  nf  (hM‘|i  level.x  ahn  ran  .;ee(*ai:l  for  ;:n  exirenii‘]>  l  tri>e  bedy  of  dala. 
Jleri-  nv  review  a  few  re]ii\‘Neiii.tiive  ]ireiliei inn.s  of  He*  ib<Miry. 


rr,urn:KATioN>  i.v 
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3  1,  Ware  fund -  Ki;irtir<'  7  shows  ilio  nuiirnitiido  of  tlio  wavo 

fiuirtion  of  subsiiliicional  -J*  in  Si,  as  a  function  of  ilistancc  K  frotn  the  center, 
iit  eonijjarisoii  witii  elecniui  nuclear  ilotihle  resonance  (E;i7])()li*)  ilaia  [01.. ‘VJ]. 
TJu*  KXT)01{  niea.Nuretuent..  iri\n»  t)i<»  char;:e  ilensity  at  Si  sitc^  adjacrut 

to  and  nearhy  the  s  defect.  T]ie  data  do  not  r<*voal  tlie  jdiase  of  llic  waVo 
ftinction.  ajul  so  uv  haw*  ))!otted  only  the  ma^rttilude.  even  lliouirh  Uie  wr.A'** 
function  itself  oscii:;:re>  rather  rajudly.  ^''ote  that  the  siinide  Hjalmarsuit 
theory  i.s  in  exeeilejit  a.irrcement  with  the  data,  for  distance.''  Ji  out  to  the  si:cth 
neaivst-nei;:hbor  "hell.  ])eyond  t  his  distance,  the  eJVeetive-niass  wave  function 
(whieli  fails  badly  for  small  70  •ieseribes  the  uata  well — indieatinjL'  that  llte 
present  theory  wouhl  Iiave  been  in  ev<Mi  more  dramatic  a^rreement  witli  the 
data  i:  a  Coulomb  tail.  —  cvVrfor  r  >  a^,  liad  biam  added  to  the  defect  potential, 
Thi>  s\n*e(*ss  is  Uy  no  nu‘ans  trivially  obtained.  Nijiee  some  tlieoWes  )>rediet 
(|uif4*  inacenrate  wave  lunetiojis  for  the  .s-  decji  level  [33,33]. 


Fjc.  7.  -  The  ina^'iiitudc  of  ihe  i>oiropic  jiaii  «»t  Uio  wavo  [unction  of  .a  S’'  iinpiuity 
ni  HI,  a?'  A  funouiiti  uf  the  dislam-t*  77  (in  A)  liom  the*  iitnouity  .>iie.  afioj  ref.  [31]. 
The  «oinl  Tri:iiiLdo>  and  nii*  ihaived  fiotn  KNl'nil*  of  tcf.  f.’ii]:  ihv  up**n 

irianelcs  and  cio-h*^  .i:c  i)h.  iM|cul.nn*n>  ..f  ltd.  [311.  lillVci iw.iuas^  tln-oiy  tUaioicd 
t»e  i)ii>  tladifil  liiii'  and  .umii  ^ipun-^.  'rjit*  an*  ilw  ilu-nry  diM*u>sed  in  iv.l.bnt'. 

5  ‘J,  I**rp  Irni.s  nt  li-V’l  rtih>  pait  tui  .M*/«/co/o/n/'e»i.\.  —  Tl  »•  >ti|i  iif  pl'edictitOiN 
tlo-  liieorv  protbooN  ,mi-  dlusir.iled  in  li;:.  >,  whore  the  li«vcls  a»ocialed  urih 
•  niuiiili  \  delfcl^  oil  a  xile  ill  t’llS  ale  ulWn.  TliCse  i'mpurittes.  wlsioh  oiiv 


SI  •  /.Vi../.n-wWi  .s./.A,  .  I.XXXIX 
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.lolIV  }).  IHW 


nn‘.irlil  iniivHy  to  lu*  $li;ii]ow  :ov.  willi  !)i(*  of 

dci’p  IcvcJs  li<‘  "vll  i1h*  ;:aj»  oj  (MS,  'J'his  i>  himIouIm- 

oilly  uw  (bul  not  tlu*  only  nasson)  \vl»y  (MS  and  many  oiIut  ]J*VJ 

materials  cai  not  bo  tlo]K*tl  jftyju* — the  *‘X)>erUMl  > hallow  arre]>iors  are,  in  fart, 
docp.  Tile  exeoplion  to  ibis  rule  is  X,  wliielj  In  ]u<M|ieitMi  \n  yiidd  n<»  <lee))  levels 
in  tlio  ga]!  ami  to  be  ;;  .shallow  aet-pior  level.  Inieresl'itLdy  enough,  in  ZnSe 
(another  11- VI  host).  \\\  c(  «/.  (3-1]  have  iumimjiianted  X.  to  find  tliai  it  does 
jiroduce  a  shall* ^w  jn'oepior  level— as  jire*»o‘ifd  by  ]\on.\y,v.siu  <7  o/.  [35]. 


conduction  bnml 


band  shnllov  deep 

Fij.,  S.  -  Theoretical  prediciioud  uf  ref.  [35}  showinj:  that  the  expeeted  stand, od 
;onn»e  shallow  donums,  except  X,  on  the  S  suc  in  Cd.^  provbice  deej*  leveih  m  t)»e 
gap,  after  ref.  [3J. 

5‘3.  thwif  oi  pnirftt  dHcets.  -  .^aNKFY  ct  *d,  (3G1  have  eNlemled 

tae  theory  of  de*  j*  levels  usH*ei..Ted  with  sub.stituiiunal  ouim  defects  to  ]*.»ir.s 
of  *7r*boud»**!  vjtbstitutiimal  *le:\*  ts — v^lj  pliysienlly  iranM»iirvnt  resulu.  T)**’ 
paired  tb^nn  i  »  a  nnd»**‘UJe  »  tliat  has  ^  nuihM-nlm  urbi;al>  *»  n  rresimmling  to 
rr*like  {dv  metric)  slates  and  o-iilce  (or  ^'.-symmenie}  (>ee  tie.  0). 
The  rek-vam  »  -nr)  rr-like  nuileeular  orbitak  are  eoni]**  mM  oj  7\  ^ingU-Mb-nM  t 
orbital?  pularU'**l  peip»  in‘i**nlar  l*»  the  spino  ul  the  moloi  ule  and  ha  Usr  •^ame 
energUs  a^  tho  .>mgje**l*‘leet  j>*!iko  T*  >rntc.s.  The  TWO  j/-likv  1\  staU‘>  of  llie 
single  defect  chat  are  :.o!arisced  parallel  to  the  spine  of  the  nicde*  ule  liybrhlno* 


9.  —  ilhisU.Aaa.  of  ’iic  '•^yinaua.i*  iim*)*  li.n  oil*  (N  .ijsd  'I.i 

edik^  Slat*  ^  ot  a  pan,  ’Du*  d**  '  nidiisiu*  dcifiu.'-.  »  f<ji-s  diriton-  '-siai* 

niid  pion<*ihiv  dcm*u*  *0''.  ni,  [;;} 
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with  till*  two  .villa*  Ai  ‘iKii<*s  r(*nt(*r<Mi  on  i)h»  iliilVrrni  (lrjVci.>  form  c;-lik<* 
r-syjnnii‘i ric  iiiol«MMiI;;r  srnlo.N.  In  ronlni>l  u  it li  i he  .7-lila*  stntos*  t  liyhnMix- 
i’l.::  ^-Iilc»' ;in» 'ii.iriiilicniitly  ]»(*rtni*iM‘r|  l»y  tin*  jin’^oinM*  of  i  Im*  >rfinnl  0‘‘f<*ft. 
Tlioir  Iio'wvoi*,  olM»y  ::ii  ji|»ph»\i!n;ilo  ilitorhHMii.L^  (ln*or*‘nK  uin*-h 

n^jninvN  ihnt  tin*  <♦  inol(M*iil;ii* »  h*voIs  ini*Tl;’i-v  iIm*  <*;iioinn'*>  J,  oini  ’J\  lovoi^. 

(K’orall  tlini  iIh*  7/-  i.NtilaUMloh‘i*<MM  K»Vri  (lv«M»injio.'»t*.s  iiUo  a  (j-lila-  o, 

niolcMMilar  lcvi»l  tliv  im)l<‘rn];;r  two  .7-liia* 

ITcnri*  botli  -’I,  JUiil  T.  isol;st(Mi-ii<*for(-  levels  jiroclnee  tlie  same  iiailecnlar  f'r 
syminerry  ^•lilco  smres  of  tin*  |»air.  The  inlerlai’in.:^  ihoorein  siale.s  that  ievr!> 
of  tlie  Mime  .symmerry,  iianmly  when  jierrnrheil,  do  not  eross  tlr(»  un]it*rtnrhe*l 
level-.)  15eeau.se  of  this  inter];* eiim'  ihetirem.  it  i-  often  po.ssihle  to  estinmle  the 
oueri^ie.H  of  tin*  ]»:iin*ti-def(*et  lt»V(*|s  relative  to  tin*  isolat<*d-defeet  level,-  to 
within  a  few  tenths  of  :in  eV — without  eyt*euriuir  a  caleulation, 

S.vxicnv  lias  ileveloped  lliex*  iih*asainl  ;i]»]‘!ieil  them  to  tin*  ne;ir''-t-neii:!iho!' 
{s]>eetator;  oxy^ren)  ]iair.s in  Gal'  (li.*:.  in),  lie' Inns  sliowji  that  ilie  i.-olaled  oxy.::*‘n 


tmOKinty  5  po : f no’ai  ( / 


i‘n:.  lo.  -  TkokK  in  ilu*  eeei'^y  level.-  Uu  iieaie^iOhdt'ltlMii  ])aiietl  innijtlr.vf^  ut  .1 
>j>ve'ann  iih|»inity  on  u  Ga  .siu*  .omI  an  i>  deleiu  on  .1  1*  >iie  111  Clal*,  :iiiei  lei.  [.‘{o'. 
TliV  d*»K  Of  il.O.i,  am)  I  Ilf  ■'Ofi’l.ilor  .lJ‘»!*:.s  l;iOei  tlir  :lh-i*l.ssn. 
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li'vol  (/.('.  flic  (Gil.  0)  imir)  ciiiuKit  he  ilriwii  iiitc  (he  coiitluciidi!  hiiJui  l>y  iiiiy 
dcctni]iosiiivc  defect  im  ini  jidjiieciit  cinitni  siiv.  Imt  tlint  ii  eiui  he  driven 
iiilQ  the  Viiloiiee  hmid  hy::my  cue  ef  Uie  fellowiii"  imji.-ritiej;  <m  n  iiei^lihoriu;: 
(ill  site:  F,  0,  (-1.  lii'i  iS,  fj,  .Sc.  nr  I. 

3‘4.  Surfnee  (Icfecix  (nid  Schiittl'ndKirrifr  hnhjhlit, 

5’-1.3.  Core  oxeitoiis  iit  surfaees.  Sqmo  (if  the  best  (‘videiiee 
IKU’tiii;.'  tlie  theory  comes  from  core  exeiloii  ex]ierime)its.  hecniiscj  hy  the  oiniciil 
nlchemy  npproximatioi.  or  -r  3  nile  [37],  ii  core  e.veifon  is  idontienl  to  nn 
intpurity  atom  [33]:  for  examjile,  eore-e.\eited  Ga  is  Ga  plus  a  core  hole  ]ihis 
an  electron  and  (heeause  the  core  hole  has’almost  the  same  eharfre  disrrilmtion 
as  a  proton)  is  vivtnally  identieai  to  nnoxeited  Ge,  the  atom  immediately  to 


Fifr.  11.  -  Coiap:uison  of  .1)  es)ieriaieiit  anil  Jl)  i1h  »iy  for  G.t  site  (110)  .<surt!ire  <i>vo 
exeiloiis  in  «)  GaAs,  h)  Ga.Sh  and  r}  rial',  after  ref.  [:5li].  and  J;,  denoie  valence 
.'ind  cn'ndai'iiiin  hand  ed"e.>i.  'J'lie  piojieller  dennies  the  cii.e  exeitnn  h’vol.  The  hori¬ 
zontal  liiii  »  it'Miuie  ilie lower  portion  of  iheinirin'ie.'iai,'’aee  .'late  ‘>and'.  Tlie  theoretic;.! 
Land  "ap.s  are  a]iino]>riate  for  4  K,  :ind  lienee  are  larger  than  the  ex]>eriniental  .eaix 
obtained  at  roeiii  ti  iniierainre. 
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its  dyhi  iii  llit*  jicriddic  table.  Tliu.'  core-e.veitt'ci  (■5;i  is  a  Ge  iiiipiirity  aiwl  ('Oi'e* 
e.vcittal  III  is  t'li.  I'lyiires  ,ll,aiiil,',li  slmw  tlint  tin*  jircdii-u-d  sjiectia  fur  ciire* 
e.vciled  (la  at,  tiie  (J](t)  siin'aee  ef  Ga-;;niii]i  V  ceiiiiiouiids  and  for  excited.  Ju 
at  tilt*  surface  of  in-juaoiiii  V  seiiiicondiiclors  account  for  Die  data  for  core 


c) 

0,35  — ■i.i'iM,,,  r. 

0  - - 

a) 

0,45  — .  5. 

0  - - 

t>) 

•v 

0.25  ■  g 

c) 

1,3 

-g— 

l.‘  W  -s 

V 

V 

A) 

3) 

Fig.  12.  -  Comvavisou  of  .i)  esperiinciu  and  2.’)  tlieorj-  for  :Lo  In  site  (110)  surface 
core  cxciious  iu  «)  huts,  (•»  luSb  and  c)  InF,  after  ref.  [39]. 


e.'ccitons  ar  the  rela.\*ed  (liO)  .suriac's  of  these  material'  [39].  The  theory 
al.so  prodioT.s  a  transition  frt'iu  shallow  eiTectivc'iuas.s  ex(;itoj,\  behavior  to 
deep  excitou  behavior  for  the  Si  ‘2p  core  oxoiton  iu  Si,Ge,_,  alloy.s.  Evidouco 
of  this  has  boeii  reported  very  recently  by  Eo’iCEr.  ct  al.  [3S]. 


5*-1.2.  bicfects  at  surfaces.  An  impurity  ai  a  surface  has  e!icr.iry  levels 
very  similar  to  those  of  an  (inipiirily.  v.-icuiicy)  jc  :r,  beeaiise  the  surface  (in  a 
ue:ire.>t-nei.:rhbor  tiieht*l)iiolin.t;  iiiodel)  can  be  crealeil  by  insertinjt  a  sheet  of 
Vacancies  into  the  biillc.  .><0  ib.-ii  the  iin.i.irily  and  the  vacancy  next  to  it  fortn 
a  imir  whose  eiierj.w  levels  are  only  sli.irhtly  iiertiirbe.!  by  the  iiioiv  distant 
Vacancies  >if  the  .sheet.  To  be  sure,  one  iniist  account  for  lattice  rela.xation  at 
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(Ik*,  .siu’fiiov,  jit'vortlidi's.^j  ilic  os-siMithil  yualilalivf  jiliy.-sic,-;  I'l’  tiriVcts  iH 
is  tliv  .Siiini;  ns  for  Viiiaiiicy)  jiiiir.s.  TlKT<’ftav,  tin*  I'iwji  Icvds  of  .<iii  l'iico 

ilofvcls  fan  Ik*  oompulfd  usin;r  oq.  ,(H).  ainl  tin*  basic  itlcc.s  iiscii  for  ilcc|i  levels 
associated  with  Siilxlitlitioisal  defects  carr.v  over  t<i  the  surface  di-fect  iirolileiin 
M'herc  the  .secular sequatioii  is  formally  the  .same  as  eq.  {]4i.  l.»\il  its  evalu* 
ation  is  considerab'y more  comidicatvd  due  to  the  reduced  .'.'•mmetry  of  tin* 
defeit. 

One  iniint  that  .should  h*  enijihasized  is  that  a  .surface  is  a  lar.v'e  }iertur1iaiitpn, 
aitd  the  deej)  Icvch  axKOPhtUHl  irHh  <(  m'fdcc  imjivrilii  are  lihJn  in  Jir  sn'cral 
iPHlhs  0]  nil  eV  dhtavlimn  Ihc  mrenjiniidhuj  hull-  iiii}iiti-ii!i  Imloed  the 

immlier  of  dee])  levels  hound  in  the  gajt-nniy  he  dilferont  for  a  surface  defei-t 
from  the  immher  for  the  .same  defect  in  the  hulk.  In  ]iarticular,  imimrities 
that  are  <- shallow  » in  the  hulk  often  produce  one.  or  eveJi  two,  deep  levels  in 
the  gap  when  they  re.side  at  the  .surface.  For  e.'catuple.  a  neare.st*neighhor 
pair  of  P  impurities  in  Si  i.?  predicted  to  prodtice  a  deep  level,  although  isolated  1* 
i.s  a  elas.sic  .shallow  donor  [30]. 


5‘4.3.  Schottky.barrior  lteight.s. 

S'4.3.1.  Pardeen'.s  model  of  Permi-lcvel  pinning.  In  1947  Il.vitDUE.v  (4u] 
propo.sed  that  the  .Schortky  barriers  Uiat  oceur  at  metal/semiconduftor  inter- 
face.s  are  due  to  Fermi-level  pinning  I'.v  .states  ut  the  interface.  .Stated  simjily 


semiconawcto/' 

/>-:ype 


I 

surface 


mttat 


Ki.  -  i]|u.<irau<i:  of  liaiid  livndiiiir  and  .S<dinttky-l>.irnor  foriiiaiiun  in 

liu*  15ard(:cn  niodvl,  after  ref. 


is  .^pncosiivcTons  4fi“ 

for  ji  (tcgcjun'ntc  H-iypi*  stMuicOiuiucror;  llic  I’Vrhii  h'vols  of  tlio  biilk  .'‘Oniirdii* 
tlui<l(ir,  tlif  mrhil  :iinl  tin*  K.cniiconiliictdr  .'iirfiico  alijrii  iii  (.•lid-tntiiic  f(iiiili1iriiini. 
Al  Z(.T(»  tiMiiiwranirc.  liic  Pcriui  h'vcl  of  i1k>  sciuicdiuliicUir  siirfan'  i.s  tlu-  li-vc! 
into  wliiHi  (iu*  lu'xr  dkM'rrdii  falli,  ainl.  if  this  is  a  IioujmI  tloc*]i  Idvd  in  the  .!:aj> 
assodialH'il  wit'll  a-suffacd  ildfci'l.  i:Iiar.ird  will  lldw  aiidiln.*  hast ciidi'.L'y  liaiuls  will 
bond  until  this  level  ali.irns  with  the  I’enni  level  of  the  bulk  seniieoiiduetdr 
(d";  l.'J).  This  eauses  a  t^ehottky  bsirrier  to  fonn. 

5’4.3.'J.  .Spioor’s  uative-defeot  model.  .^viCEl!  and  eo-wdiOcers  [41]  have 
ehami>ioiied  the  iiotiou  that  the  Baideeii  states  resi>onsil)lc  for  Fermi-level 
piunin"  of  III-V  semioonductors  are  deep  levels  associated  with  native  surface 
defeets.  In  this  model,  the  Sehot'tky-barrier  heijtht  for  ii-ryjie  materiiil  is  the 
TbindiJi;?  enerjijy  of  the  surface  deep  level  with  respeet  to  the  eomhielion  band 
ed^'O  (see  fig.  13).  j 

3’-i..'J.3.  .lUlou’s  theory  of  .Sc.horrky-barrior  heights  iu  III-V  .semiconductors. 
Ar,I,E^•  f't  ttl.  (42, 43]  have  ealculated  the  binding  energie.s  of  de<‘ji  levels  produced 
by  vurions  defeets,  native  a nti.si to  defects  iu  particular,  at  the  (llti)  .surfaces 
of  III-Y  oompound.s  and  teriiarv,  III-V  alloys.  Thi.s  approach  followed  an 
earlier  .suggestion  by  D.iw  e(  (d.:(44]  that  Fermi-leveh  pinning  by  deep  level.s 
a.s.sociated  with  .surface  vacancies  might  account  for  many  .Schottky-barrier 


Fi".  14.  -  Predicied  and  obsovved  Schotiky-bariiiw  hei;.'la,<  in  III-V  alloys  rs.  .alloy 
l■olllpo■<itie:l.  after  ref.  [40]:  •  tlieoiy  (Ga.tsi,  — — — .  espetiinciit  (An).  The  tbeoiy 
assuino.s  Ferini-level  pinning  by  a  cation  on  an  anion  .site  at  the  Au/.senncoudiicior 
contact. 


ludglit  ilata.  The  results  of  .Vilen's  ealenhitiims  for  deeji  k-v.-ls  :i.ssdei:iied  with 
surfaee  ualidn-on-anioii-siie  imiuirities  [4.'i,  40]  are  given  in  lig.  .14,  when-  they 
are  in  rcinarkal)le  agreeineiif  with  the  dat::.  This  simple  theory,  whi'di  Ini.s 
lll•on  jli.si'U.ssed  ill  deliiil  iil.'Cwhere  (4.1J,  is  ea]iable  of  e.vjihiining  nn  •leriais 
<ineo-puzy.ling  e.vitcrinienial  faet.s.  Formi-level  pinning  by  anii.siie  ibdcet.N  :ic- 
uouiit.s  for  the  .•Sihottky  liarriers  iieiweeii  iionriaieiive  nietisls  ::nd  i.-isst  IIJ-V 
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.scinifdiiduftovs.  Diiiijilinji  Imiids  (ir  v.viriiisii-  ddVcts  wlivn 

R'aclivo  iiU’lals  or  sjivi'iiil  surface  ]ir<'}taratioii.s  an*  iiivolvcd  l-j;!].  Sa.nKKV 
ct  ((/.  [47]  liavt*  sliowii  irri'iilly  tliat  ]!aidv(.*li’s  ideas  fan  lit*  ajijdifd  to  Si  as 
well  as  to  tlif  III^V’s:  .SfliotUcy-liarrifr  data  for  Si/lransiiion  juftal  silifido 
inU'i'faffs  ran  bf  understood  in  terms  of  Perini-leve)  }a'nnin;^  by  interfaeial 
daufrJin;.'  bonds.  Tbi.'  work  unities  tlie  nndersiandiJiK  of  .Sebottky-barrier 
liciprbts  of  III'T  seinieondnetors  aial  .Si  and  isJst.  o.\]i)ain*  wliv  fiee-snifaee 
eaJenlations  ^rive  good  estimates  of  tlie  Permidevel  ja'ntiing  )iositions  of  inter- 
fa  ciaJ  dcfeets.  II<*iu*e  it  appears  likely  Unit  tbe  Seliottky  barrier.s  on  tbe  euminon 
seinieondnetors  liave  lieigbts  determined  by  snrfaee  deep  leveks  imus:  assoeialed 
with  various  native  defects).  i 

S’o.  InU'hixic  surfacv  ttialcs,  -  In  a  nearest-neighbor  tight -binding  model, 
a  .simple  way  to  create  a  .snrfaee  is  to  imsert  a  sheet  of  vaeaneies  into  a  bulk 
semieondnetor,  The  deep  levels  associated  with  this  sheet  defect  arc  .surface 
.states.  Therefore,  the  basic  theoretical  approach  to  the  deep-level  problem 
applie.s-to  predicting  snrfaee  .>*  ite.vas  well,  There  are.  of  eonr.se, many  technical 
problems  a.s.soeiated  with  efliciemly  solving  the  .'cetilar  etjnation  (14)  for  surface 
state.s  at  rela3:ed  and  reconstructed  surfaces.  Those  dilliculiic.s  are  beyond  the 


Tig.  l.t.  -  Surface  stare  ib !per.-!ieu  re!.nion.«  as  nieu'ured  [4t>l  and  ju'*  lieted  r4S.aO} 

for  Ini',  .'.fier  ref.  [49]  and  [3]: - sel£-con.<isieni  pseudopoicmial. - liglii 

binding.  •  data. 


seojieofthe  pre.sent  work[  ir>].  P’everiheles.'.cab-alat  ions  of  intrinsie. surfai*e. stale 
dis]iersion  curves  have  lieen  executed  based  on  this  nmilel  IJi'].  tl’ypieal  results 
are  given  in  tig.  .l.'i  for  the  ri*la.\ed  (llu)  surface  of  Ini'  l-lli].  A<  wbb  the  ]ire- 
dietions  of  deeji  levels  asso*  iat<*d  willi  ]ioiiii  defects,  the  surface  stale  jiredii*- 
tioiis  are  cmuiiarably  accurate  with  tie*  best  local-density  theories  [411,  .ao]. 


'  LHV.\i.i2i:p  in*  .'?i:.M|<X)N*ui*oTorts 


(u  -  Mclastalilc  alloys*; 

Tin*  iMoils  iU'VoJo]kmHol’  iiTutiii.ir  biiinl  striiciuiT>  ;unl  imjnirily  l(‘v<‘ls can 
hi*  iipplioil  U)  ucaliii^  rniuciit rations  of  iiu])nriiios »  aiul  to  )»rrilirtin.i:' 
l»haso  transirions  in  alloys,  J»(»(cn(’ly  UitJCKNK  aL  [51]  liavc  ^irowii  ntolaslablo, 
.sti;jcirntional,  rrystallim*  (GaAslj^/Jo,^  and  (Ga.'?l))j_Go;.  all(»y.s,  oven  llioii.di 
tin*  coiHiiiiUMitSy  GaAsand  Go  or  Ga$l)  and  Go.  aic  imnn'sciblo  at  oquilibriiun. 
The*  (GaA.s)j^Goi^  alloys  oxbibit  a  V-sliapod  bowinir  of  tlio  fundainonlal  laind 
jrap  as  a  funrtioii  of  alloy  composition  ,r  (fijr.  10)*  Tin's  bowin',^  cannot  be 


(Gsms)’  ccmpzzUiorifX 


Fiir*  dQ.  -  Direor  miergy  gap  of  tCbiA3)x_,Go:z  J'Hoys  vs*  alloy  composition  .r.  afior 
ref.  The  dashed  lino  represonrs  the  ordinary  viriuaberystal  a))jir(iNiiaaiion;  iho 
solid  line  voprt*>onis  tla*  thooiy  of  icf.  (32,  oah  'J*lic  data  are  indicated  by  circlo'*,  'riio 
theory  uses  ]»araineiers  appropriar*'  m  4  K,  wlicrvns  the  data  arc  for  room  t**mpcraturc 
(ar  which  the  band  gaps  arc  di*i*eivnt}. 

oxjdaincd  by  rlu*  convcniiiiiial  virtual-crystal  a]»]iri'Xiinalionj  wliidi  assumes 
iiial  caeli  alloy  is  a  ery.'ia]  wlioso  i i.ud!i-b!ndin;f  ]mrannni»rs  are  inlerpei iJed 
lM‘tweoi!  those  (»f  flaAs  simI  Ge.  W  ah  frc*.  ."i.P;  Iiave  shown  that  ihi' 

V-sliajied  bowingf  is  due  to  an  order-disorder  transiiiou  between  a  zineblcnee 
ami  a  dianioiul  idiase  {s«  IT), 

In  niodelin.t;  the  jdiase  transition  in  lliese  ajl/*v\,  was. faced  w|i}i 

data  that  required  a  reaMiualdy  accurat**  theory  of  eleeiroqic'  structure  valid 
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Fijf.  17.  -  A  sckMMUtio  mode*]  of  the  phases  of  (GaAsjj.yGe*,,  afier  ref^  [oii;  53]: 
a)  vIjo  GaAs  rcodered)  zineblejuU*  pliasr,  h)  the  Go  (disorderod)  diamond  p}jase,  c)  the 
OaAs.ricl:  ordered  zincbLvulo  pha>/  of  the  alloy  and  d)  the  Gc-rich  di>ordi.*red  diamond 
of  the  alloy.  In  the  ordered  jdaiM*.  the  ^^ronT  jnajori^y  of  G:i  aionis  oeoupy 
nominal  Ga  sites,  Imi  i)t  tin*  disordered  ]ijmse  Ga  atoms  show*  no  site  preferom'c. 


in  biiih  ilie  ordered  zhteldende  and  tlie  i!iM»r»leml  diainund  i»imse.s.  Yet  fetv 
*ciier»**iesareea)i:ihKM>f  a. »  •■audy  lre;;jin.:ir  ihiiIi  a  jdiase  iraisMiidii  and  eleetronic 
sinndnre.  Ykwma.v  eireniiivenled  this  ]»ridih‘ni  by  a»ii»]Hiiij;:  a  iwu-Traniilioniaii 
iinalel. 

Tlie  iirsi  iraniilionhui  involves  a  |iseiidos]iin  Joiaimlism.  in  wliidi  oeeiivmtion 
«>f  a  site  R  hy  (la.  A>.  or  (5e  is  r<  .oe>eJUed  by  a  jisendostiin  iSj.  tlml  is  ‘Oiji  » 
( — 1 J<‘\vn  »  (—.1).  or  <•  XiM’o  •  (ti): 
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YI«m;c  •/}.  AV  /(  jVikI  ;|:  siiY-  jtiiraii«YV*rs  (ivlijun!  iii  rcl'.  |fi2].  aiul  R  anil.  R'  an* 
}ii*an*.<l>iu’%initin  sitv*.<.  Jit  ilnV  .]).<<Yi(liis|tiii  lan.t'ua.tfi*.  (•ry.slajliiit*  ,G^  Is  .a 
« lisfUilnaiuijViTtiliiajJin*!  >>.  la'caiisy  alt«!riiariii,!r  sii«*s  an*  <ii'i*uiin*'l-liy  Ga-j(«  iiji  >*) 
and  As  (« iUiwn »):  iln*  Gc  atmns  (.«..s]!in  Z(*ni  «•)  (lihu<*  thv  ■« ain'ifn*niina<'!!i*(isin.». 
Tlu*  «'Sjiin*s)iin »  inu*rariinn  l)<*l\V(*»*n  !i<*an*si  in*!.:;lib(irs  causes  As  atoms  lii 
jirofvnifiiiiaHy  snrronnil  Ga  ami  discynrajtvs  tin.*  furmatum  of  cliist vrs.  of,  (ndy 
Ga  Of  only  As.  Details  of  Mil*  ftamilroiiian,  wiiidi  i.s  .similar  to  tin*  itlnim*. 
Kmory.  Grifritli.s  ITainikonian  for  ’Ho-'Hv  ."-Intiotis.  an'  jrivon  in  n*f.  (ri:i]. 
Xk'VTJr.A.v  .solvod  ii.is  Hamiltonian,  in  .-i  mcamiivld  ai)j>i'oximatio)i.  to  obtain 
'tin;*  vquiition  for  tin*  brdc*r  iuiramolvr  J/(.r.  .r^): 

.l//U-..*)  =  t;;li  [.ir(.l-.0]. 

H<.*r(*.>'^  is  fin*  alloy  (’umiiosition  at  >'iiicli  tin*  miniimim  band  .yaji  is  obS(*rv<<d. 
ii.S  for  (GaA.?li_j.G« ;x.  Tin*  onlor  iiaramoror  is  rolalrd  to  tin*  jirobability  tliat 
!i  Ga  atom  will  In*  fyutnl  on  a  nominal  1:011011  .siti*  of  aii  ima^'inod  zinvblondo 
lattii*i\;  if  tlii.s  ])i'obability  is  tin*  .satin*  a.s  tbat  for  limliiig  Ga  on  a  nominal  anioii. 
•sito,  tln*n  tin*  rrystal  .struottnv  is  « diamond  >*  ami  not  « zinobloinU*  That  is. 
tlio  alloy  i.?  « disordorrd  •*. 

TItc*  .second  Htiiniltoii  ..ti  i.s  (in*  Voyl  cnipiriral  tigliM.tindinj'  tlicor**.  bnt 
with  the  alloy'.s  parameters  doterinined  by  .t  iiew  virtwal'Crystai  appro.x'imtition 
that  depend.*)  on  the  order  parameter  of  the  nr.st  Hamiltonian:  The  diagonal 
matrix  element.s  are  interpolated  a.s.*iumi!ig.  for  e.xample,  that  the  average  etition 
i.s  t(l— .r  -r  -r  f{l— .r  — -if’),'i}A.s  -7-  [.v]Go.  The  cnergj*  band  .struo* 

ture  computed  u.sing  this  model  yield.s  a  direct  lamd  gap  n-.  alloy  eom* 
position  .r  (lig.  10)  and  explain.*}  the  observed  AVshaped  bowing. 

7,  -  Snmtnarv. 

« 

In  .sumnnay,  tin?  cJimvlc  idnns  orijriunJinfr  in  i1k‘  wnrk  of  H$n.  Wolfonl  :nul 
Scti*ninnin  njiil  (][n:s!iriti(*rl  in  lunli  tlu*  Vii.d  <nn)iivi(*al  ri;L'lii*lnnilin*r  fjrlionn*  ninl 
tin*  llulinnrxon  tlu'tny  oi  Itave  '.imvcn  !i*  linv(»  whUv^sjirrail  :i)>j»IirsO>iliiy 

ilviV<*t  statfSj  sinios.  snrn»iM*  suiti's,  Srlmtiky  li;ivri»*rs  nnil  alloy 

iliouiy;  Tin*  nnisi  :n‘n‘tMnin.ir  iVarnri*  of  ijo*  litoory  is  that  it  is  simj^lo  onoti.trh 
to  \u*  nsod  by  a  toiuoxport.  atul  y^o  it  juuiihovs  rathor  ])K<*ilir(iuiis  for  llio 
<*  th*o]M  olorironii*  states  assoriat«Ml  with  alni(»st  any  hioali/.oil  jicrtnrhalion  in 
a  S(*Miti'i»ti(lurior. 

ct  Q  c: 

Wo  ar<*  ;fral<*J*ul  t»»  tln'  W  S.  Olliro  nf  Xaval  li't^soaroli  ainl  th.  I*.  S.  Army 
IN»>(*arHi  Ojliri*  for  thoir  .i^oiionnis  snp]Htrt  nf  this  roM*aroh  ((‘murari  Xcis. 
NnnoM.rr.tMi.Vj;.  XniiiiM.>j.K-(Kr»7  ;inil  DAAG:.*i»oy-K-t)l:.*L*).  Wr  *avu 
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jL'milJy  from  m;uiy /.sliinuiaiiajr  cuuvors;niun.<  wiili  <»olJoa^;m*s  ainl 
simlouts  tlivoucJiout  Iho  voriod  of  this  irsoafcln  Tlii*  autliov  jqiolo^dzos  io 
liio  many  antliors  wlioso  work  ln»  lias  aoV  cii*Ml  adoqusitclyj  lus  solo  oxoo.v.i 
for  lliis  omission  is. a  dt^siro.io  laotuvos  frtim  a  uniform  viowpoijit  and 

loijalion.  Ho  would  liko  io  llianic  his  c.6*autliors  oitod  boldw  for  teachinjr. 
Iiim  \\o  much.  In  tln^  pn'i)avai:ion  of  tin's  manuscript,  ho  bonofittod  from 
convorsalions  with  X>.  J’jn)3:MCii,  J),  JENiax-S.  G,  Kdc,  K.  ^"3;w^JLV^•,  J,  Smx 
luid  1).  ^Vou?o^X3. 
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X-ray  spectra  of  model  binary  alloys:  1 

Marshall  A.  Bowen 

Department  of  Physics,  Western  Illinois  University,  Mc,vmh.  Illinois  6I45S 
John  D.  Dow 

Department  of  Physics,  University  of  Notre  Dame,  Notre  Dame,  Indiana  46156 
(Received  14  January  1985) 

The  x-ray  photoemission,  absorption,  and  emission  spectra  of  a  ohe-diinensiona.'  tight-binding 
model  for  a  binary  metallic  alloy  are  evaluated  in  a  change  of  mean-field  modet.  The  .^m- 

bined  effects  of  disorder  and  multielectron  excitations  are  included.  The  extent  of  the  nsynnivtric 
tails  of  the  x-ray  photoemission  lines  depend  on  the  local  character  of  tlie  Fermi-enorgy  states  in  th: 
vicinity  of  the  core  hole;  this  effect  could  explain  the  long-standing  mystery  of  why  Na  !;  Iicej  in 
Na,\VOj  are  symmetric.  Feature:  in  the  absorpt.jn  and  emission  spectra  rcminir.ccnt  of  tlu 
anomalous  ramplike  thresholds  observed  for  absorption  b\  rare-gas  atoms  in  alkali-meta!  hosts  are 
also  found.  - 


I.  INTRODUCTION 

As  a  first  step  toward  understanding  the  x-ray  absorp¬ 
tion.  emission,  and  photoemission  spectra  of  binary  alloys, 
we  present  here  the  results  of  model  calculations  for  a 
one-dimensional,  substitutional,  crystalline,  binary  alloy 
fhc  model  treats  a  single  orbital  and  a  single 
electron  per  site  in  a  nearest-neighbor  tight-binding  ap¬ 
proximation.  Many-electron  effects  due  to  the  final-state 
interactions  of  :he  electrons  with  the  core  hole  are  treated 
in  a  change-of-mean-fie!c  approximation.'  Hence,  the 
model  exhibits  features  associated  with  both  the  “x-ray 
edge  anomalies"^”^  and  binary-alley  disorder.’  To  our 
knowledge,  this  is  the  first  study  of  the  combined  effects 
on  x-ray  spec?v.  of  disorder  in  a  binary-alloy  and  many- 
electron  recoil. 


II.  MODEL 

The  one-electron  Hamiltonian  governing  the  behavior 
of  the  alloy  is 

M 

A=  2  I  -l-/?!n)(n  -H  I  -{-/?|«  -rl)(«  I  .  (1) 

/I 

Here' we  have  M  |  refers  to  the  one-electron  orbi¬ 
tal  centered  at  the  nth  site.  P  is  the  nearest-neighbor 
transfer  matrix  element,  and  e\rt)  is  a  randor.  \ariable 
which  lakes  on  the  values  6^^  with  probability  1-x/  and 
(with  probability  x). 

In  the  ca*e  of  x-ray  photoerr.ission  the  band  has  V  elec¬ 
trons  in  both  the  iniiiJ  anJ  final  states,  but  the  initial- 
state  A'-electron  Hamiltonian 

(2) 


changes  suddenly  as  a  result  of  the  removal  of  the  core 
electron  to  the  final-state  Hamiltonian 

/ff  =  i  h!  .  (3) 

I  m  J 

where  wc  have 

/!'=/, -f-Ko  I  RKRl  ,  (4) 

with  ‘  R)  referring  to  the  orbital  cei;*  ;:ed  on  the  core-hole 
site;  I'q  is  the  clectrc  .  it. ter.:. '..on  strength  (and  a 

neg.-'ive  number).  The  inijial  tnr.r.j -electron  state  of  the 
electron  gas  |  /).  in  this  moael.  b  a  .Slater  determinant  of 
the  lowcst-energy  single-particle  eigenstate:;  idl  of  /t;  the 
final  states  ‘  Fv)  are  all  the  various  dete.mint.ais  of  the 
eig-o.tstates  *tti  of  h'. 

The  .x-ray  photoemission  spectrum  is 

/I£)=2l<'  (5) 

V 

where  the  summation  is  over  all  possible  final-state  con¬ 
figurations.  The  photocm^ssioii  recoil  energy  is 

£Fv-£/=ie:-ie.-.  (6) 

I  t 

where  ihe  sums  are  over  ali  occupied  or.  -electron  states  in 
the  electronic  config.  ration;  ^  anc  /).  respecti\r!y. 
The  photoemis'iii*.i  line  shape  has  contribuiions  from  oath 
spin-up  and  spin-down  chann  Is.  It  can  bt  shown,  hoH  ev¬ 
er,  that  one  can  evaluate  the  line  si.a^'cs  fir  each  of  theie 
channels  inuependently  and  ih;r  ;  *e  iwn-channel  line 
shape  is  a  c.*nvoluiion  of  the  s!ni!e-.*<annel  shapes.' 
Hence,  for  Simplicity  of  presc  ^ailon  wt  consider  here 
only  the  spin-up  channel,  and  •  Isave  ;V/  =  2W 
X-ray  emission  of  a  photon  of  energy  £  can  be  trer..ed 
in  a  manner  co.-iipieieiy  ana-ogous  to  photoemission,  and 
has  a  line  shape 
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'/c('4)*r  2  I  £/+:£/rv) .  (7)  determinant,  of-  +  r  |,^)’s.  A  similar  expriKSion  holds- 

v  for  x^ray.  absorption.*  We  ^sunie  that  the  core  hole.has  a. 

'Where  the.'finai;stat«  1  Fv)  are  Stater  detenhinaniS  of  negligible -t^adiu^,  in  which, case  the  c.ppk.matrix- element 
■N'  I  ^)’s  and  one  icore  orbital  and  the  .initiai  state  is  a  'Mean  be  simplified,  and  we  have; 


i:£v|Ar|;)=3<6 


UK)  ^tj(R)  •  ••  -t&.HilR) 

(Uil'PO 


(^V.<v  llAl) 


(8) 


Here  ^i'(R):is  projjortiorial  to  the  overlap  of  |  ^)  with  the 
core  hole  :at  site  R,/Afo  is  a  constant,  (^|^)  is  a  scalar 
product,  and  ' we  . have  assumed  that  the  core  hole  has  a 
negligible  radius.*  • 

The  line  shapes  j{£)  and  X{E)si:{E)/Ml  arc  calculat¬ 
ed  as  follows:  The  eigenstates  Inland  |  ^)  and  the  corre¬ 
sponding  eigenvalues  are  evaluated  for  a  one-dimensional, 
lattice  with  'M~4q  sites  occupied  by  a  specific  configura¬ 
tion  of  atoms  A  andR,  as  determined  by  a  random- 
number  generator.  The  core  hole  is  confined  to  one  of  the 
ten  innermost  sit«.  The  matrix  elements  between  deter- 
minants,  such  as.  {/|£v),  are  evaluated  for  many  elec¬ 
tronic  configurations  v  and  the  spectra  are  calculated. 
The  calculation  of  e  given  spectrum  is  terminated  (i.e.,  no 
more  configurations  v  arc  included)  when  the  sum  rules 
for  x-ray  photoemission  spectra*  (XPS) 

/"  /{£)d£=l  (9) 

and  for  emission* 

/"  Afl£)d£=2l^V<R)|^  (10) 

“*  t 

are  adequately  exhausted  (the  sum  is  over  occupied 
initial-state  orbitals  The  calculations  are  repeated  for 
(typically  cslOO)  different  atomic  configurations  and  (typ¬ 
ically  sslO  per  atomic  configuration)  different  core-holt 
sites,  Gaussian  broadened’  and  ensemble  averaged.  The 
ensemble-averaged  spectra  arc  displayed  in  Figs.  1  to  6  for 
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FIG,.  I.  Predicted  x*ray  photoemission  spectra  for  core  exci* 
tation  of  the  A  site  in  as  a  function  of  the  emitted 

electron’s  energy  £,  for  x  =0.2  (dash-dotted  line),  x  =0.4  (dot¬ 
ted  line).  X  =0,6  (dashed  line),  and  x  =0.8  (solid  line). 


/3=-h  Fq  =  -2|/?|,ffi=2i/3|,ande,^  =  -2i^l  for 
x  =6.2,  0.4,  p.b,  and  0.8. 

HI.  RESULTS 

The  rwulls  can  best  be  .underfrt.tcd  in  tenns  of  the 
broadened’  densities  of  states  d.splayed  in  Fig.  7.'  In  all 
cases  the  Fermi  surface  lies  within  a  band  and  the  system 
is  metaiiic. 


A.  X-ray  phptoemission  spectra 

For  a  core  hole  created  at  an  A  site  (Fig.  1),  the  x-ray 
photoemission  spectra  exhibit  long  tails  associated  with 
Ibw-encrgy  excitation  of  Fenhi-surface  eleerrons  for 
X  =0.2  and  0,4,  but  not  for  x  =0,8  or  0.6.  The  reason 
for  this  is  that  the  one-electron  state;  near  the  Fermi  sur¬ 
face  are  /1-like  for  x  =0.3  and  0.4.  but  are  JJ-like  for 
X  =0.8  br  0.6  (see  Fig.  7).  Only  the  /l»llke  states  are  effi¬ 
ciently  excited  as  the  shock  wave  due  to  the  /1-slte  core- 
hole  creation  propagates  outward.  The  R-like  electron 
states  at  the  Fermi  energy  for  x=0.6  and  0.8  do  not 
thoroughly  overlap  with  and  couple  to  the  /1-site  core 
hole,  and  arc  not  so  easily  excited  as  a  result  of  the  corn- 
hole  creation.  Hence,  the  /1-site  .Xl'j  lines  for  x  =0.6 
and  0.8  do  not  have  long  tails  for  negative  E  -  feu— fcort. 
but  the  lines  for  x  =0.2  and  0.4  do.  (Simila.’ly,  creation 
of  a  B’She  core  hole  produces  a  long  XPS  tail  for  x  >  0.5 
but  not  for  x  <0.5,  as  shown  in  Fig.  2.)  Thus  we  have  a 
clear  dependence  of  the  shape  of  the  XPS  line  on  the  char- 
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FIG.  2.  Predicted  B-site  x-ray  phoioemission  spectra,  as  in 
Fig.  1. 
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FIG.  3.  Predicted  .x-ray  absorption  sp«tra  XiE)  hr  excita¬ 
tion  of  a  core  level  at  the  A  site,  with  notation  as  in  Fig.  1. 


acter  of  the  Fer..ti-snergy  electrons  at  the.  site  of  the  core 
hole. 

The  asymptotic  theory  of  Doniach  and  SunjiC^  for  e,xci" 
tation  of  a  free-electron  gas  is  valid  for  electron  energies 
£  near  the  photoemissibn  threshold  energy  £r  and  gives 
an  XPS  line  shape 

/(£)«(£7-<£)-'+^e(£r-£),  (11) 

where  6  is  the  unit  step  function  and  the  e.xponent  A  is 
expressible  in  terms  of  8/,  the  change  of  Fermi-energy 
phase  shifts  of  an  electron  as  a  result  of  the  potential  of 
the  core  hole; 

A=  22(2/  +  l  (12) 

ImO 

This  asymptotic  line  shape  does  not  depend  on  the  charac¬ 
ter  or  density  of  states  near  the  Fermi  energy,  except 
through  the  phase  shifts  5/.  Nevertheless,  our  calcula¬ 
tions,  which  solve  a  Doniach-Sunjic  type  of  model  for  all 
energies  (not  just  for  E—Ej-),  show  that  the  extent  of  the 
XPS  tail  does  indeed  depend  on  the  character  of  the 
Fermi-energy  states. 

This  behavior  may  have  been  observed  in  sodium- 
tungsten  bronzes:  Campagna  et  al}  and  Chazaiviel 
el  al.^  have  reported  both  an  asymmetric  W  XPS  line  and 
an  excessively  symmetric  Na  U  XPS  ijne  in  Na^WOsj  the 
latter  cannot  be  explained  by  the  asymptotic  theory,  [Eq. 
(11)].'°  It  is  noteworthy  that  in  the  simplest  model  the 
Na  states  do  not  contribute  to  the  conduction  band;*’’’" 


FIG.  4.  Predicted  B-site  .x-ray  absorption  spectrj. 


hence  the  Na-like  character  of  the  Fermi-energy  states  in 
Na;,WOj  should  be  small — and  by  analogy  with  the 
present  results  we  expect  the  Na  XPS  line  to  be  quite  sym¬ 
metric.  Hence,  the  present  theory  indicates  that  the  large 
asymmetric  tail  predicted  on  the  basis  of  the  asymptotic 
Doniach-Sunjic, theory  should  not  necessarily  be  expwted 
when  the  amplitude  of  the  Fermi-energy  one-electron 
states  at  the  core-hole  site  is  not  large  —  because  the 
electron-hole  pair  excitations  of  those  states  (which  are  re¬ 
sponsible  for  the  long  tail)  cannot  be  efficiently  achieved. 

A  second  interesting  feature  of  the  A'-site  XPS  spectra 
is  the  small  bump  for  x=0.2  and  0.4  near  E—fta 
— €core— ~2!i3|  (  =  I  Pq  I  here),  which  we  associate  with 
transitions  of  the  electron  gas  that  leave  a  hole  in  the 
bound  state  below  the  A  band.  (This  bound  state  always 
occurs  in  one  dimension  and  is  caused  by  the  attractive 
electron-hole  Interaction:  it  lies  of  order  =  1  Pq  1  below 
the  band  bottom.) 

The  XPS  spectra  at  the  B  site  are  especially  interesting. 
The  lines  for  x  —  0.2  and  0.4  are  nearly  symmetric  be¬ 
cause  the  Fermi-energy  states  are  largely  A-llke  and  not 
efficiently  e.';cited  by  a  £-site  core  hole.  They  are  also  al¬ 
most  recoilless  (viz.,  at  zero  energy)  because  the  £-like 
states  that  are  perturbed  by  the  core  hole  arc  unoccupied 
and  therefore  do  not  contribute  to  the  recoil  energy  [Eq. 
(6)].  The  X  =0.4  spectrum  has,  in  addition  to  its  recoil¬ 
less  peak,  a  weak  high-energy  peak  associated  with  recoil: 
The  on-site  level  at  eg  >s  pulled  below  the  Fermi  level  by 


FIG.  6.  Predicted  B-site  x-ray  emission  spectra. 
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FIG.  7.  One*electron  density  of  states  (times  2|iS|)  of 
vs  E  (in  units  of  2 1 1 )  for  x  =0,  0.2, 0.4, 0.6, 0.8,  and 
1.0.  The  Fermi  energies  are  denoted  by  Ef  and  occupied  one- 
electron  states  are  shaded.  Note  that  the  one-electron  states  at 
the  Fermi  energy  are  /(-like  for  x  <0.5  and  E-like  for  x  >0.5. 


the  electron-hole  interaction,  becomes  occupied,  and  con¬ 
tributes  to  the  recoil  energy.  (This  effect  was  predicted 
first  for  d  states  by  Kotani  and  Toyozawa’’  and  then,  in  a 
different  context,  by  Mehreteab  and  Dow.'^)  As  the  alloy 
composition  x  and  the  Fermi  energy  increase,  local  alloy 
configurations  which  lead  to  recoil  ^ome  more  probable 
and  the  recoil  peak  grows  as  the  recoilless  peak  decreases 
in  amplitude.  For  x=:0.8  the  Fermi  energy  lies  within 
I  po  I  of  €b  and  the  recoil  peak  is  dominant.  Bumps 
below  the  main  peak  are  associated  with  the  alloy  disor¬ 
der. 

B.  Absorption  spe-;'ra 

The  absorption  spectra  for  the  core  hole  on  an  A  site 
(Fig.  3)  are  generally  weak  because  of  the  predominantly 
E-like  character  of  the  unoccupied  one-electron  states. 
The  strongest  spectrum  is  for  x  =0.2  and  corresponds  tr 
a  case  in  which  there  is  a  reasonable  amount  of  A  charac¬ 
ter  to  the  final  state. 

For  a  core  hole  at  a  E  site  the  absorption  spectra  (Fig. 
4)  are  stronger  because  the  B  hole  couples  strongly  to  the 
E-like  unoccupied  electron  states.  Even  for  .r  =0.2  there 
is  some  E  character  i-j  the  Fermi-energy  states,  and  the 
absorption  edge  (at  the  left  of  Fig.  4)  becomes  more 
abrupt  as  x  and  the  E  character  of  the  Ferml-en-.rgy 
states  increases.  In  general  the  spectra  exhibit  low-energy 
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absorption  edges  and‘  bumps  at  higher  energy  that  are  de¬ 
rived  from  the  hole-perturbed  bumps  in  the  densities  of 
states.  [The  van  Hove  singularity''*  at  the  band  maximum 
is  weakened  both  by  the  matrix  element,  Eq.  (8),  and  the 
alloy  disorder.] 

An  especially  interesting  feature  of  the  calculated  E-site 
spectrum  for  x  =!\2  is  its  low-energy  edge  —  which  docs 
not  show  the  expected’’^  peaked  threshold  behavior 
(predicted  for  free-electron  metals): 

nE)K{E-Erf°°e(E~Er) ,  (13) 

whrre  Ef  is  the  threshold  energy  and  oq  is  the  x-ray  edge 
e.xponent,'*  Instead,  the  threshold  line  shape  is  very  near¬ 
ly  a  linear  function  of  energy,  oq— “  I-  Such  behavior  is 
what  has  been  observed  for  rare-gas  atoms  in  alkali-metal 
hosts  by  Flynn  and  co-workers,'*  and  has  remained  a  ma¬ 
jor  unexplained  anomaly  for  years.'’  The  present  work 
suggests  that  the  “anomaly"  may  be  a  consequence  of  the 
non-E  character  of  the  Fermi-surface  states. 

C.  Emission  spectra 

The  emission  spectra  for  an  .-l-site  core  hole  evolve  in 
an  interesting  fashion  as  a  function  of  composition  x.  For 
small  X,  X  =0.2,  the  spectrum  exhibits  a  low-energy  peak 
associated  with  a  band-^ttom  van  Hove  singularity'*  (see 
Figs.  5  and  7)  that  has  been  partially  amputated  by  disor¬ 
der:  it  also  has  a  high-energy  edge  with  a  peak  reminiscent 
of  an  x-ray  edge  anomaly  (Eq.  (13),  with  E  and  Ej-  re¬ 
versed).  For  X  =0.4,  0.6,  and  0.8,  additional  features  as¬ 
sociated  with  alloy  disorder  as  manifested  In  the  densities 
of  states  (Fig.  7)  are  reflected  in  the  spectrp.  In  addition, 
the  ,x=0.6  and  0.8  spectra  have  weak  high-energy  edges 
(that  are  more  or  less  ramplike  functions  of  energy)  be¬ 
cause  the  Fermi-energy  states  are  E-like  and  do  not  couple 
effectively  to  an  A  hole. 

On  the  E  site  the  spectra  are  dramatically  different, 
showing  bumps  associated  with  the  allov  disorder  (shifted 
by  the  electron-hole  interaction),  high-energy  x-ray  edges 
[Eq.  (13)),  for  x  =0.8  and  x  =0.6  that  weaken  as  the  E 
character  of  the  Fermi-energy  states  is  lost  with  decreas¬ 
ing  X.  For  X  =0.8  there  is  a  high-energy  x-ray  edge  (near 
E-Ffcote— remnants  of  a  van  Hove  singularity  in 
the  density  of  states  (near  |/5| ),  and  a  weak 

low-energy  peak  (near  E-t-fcore— — ^l/^l )  associated  with 
the  density  of  states:  E  character  is  mixed  into  the  .4-like 
states  by  the  alloy.  The  prominent  x-ray  edge  occurs  be¬ 
cause  the  E  hole  efficiently  e.xcites  the  E-like  Fermi- 
surface  particle-hole  excitations.  For  .v  =0.6  to  x  =0.2, 
qualitatively  similar  structures  appear,  most  of  which  are 
peaks  shifted  by  the  electron-hole  interaction,  but  associ¬ 
ated  with  the  disorder  as  reflected  also  in  the  densities  of 
states.  The  strength  of  the  emission  weakens  as  the  E 
character  of  the  Fermi  surface  is  lost  (as  x  decre.'>ses). 
Also,  the  high-energy  x-ray  edge  weakens  and  becomes 
ramplike  for  x  =0.2. 

D.  Summary 

In  summary  the  predicted  x-ray  spectra  of  one- 
dimensional  Ai^jcBjc  substitutional  alloys  are  rich  in 
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features  that  arc  associated  with  alloy  disorder,  x-ray  edge 
effects,  and  van  Hove  singularities.  The  effects  of  alloy 
disorder  found  here  are  probably  more  pronounced  than 
one  would  find  in  three-dimensional  alloys,  owing  to  the 
lack  of  multiple  paths  circumventing  any  highly  disor¬ 
dered  region.  Two  particularly  interesting  features  of  the 
calculated  spectra  appear  to  hold  promise  for  explaining 
some  old  mysteries.  !i)  The  anomalously  symmetric  XPS 
lines  of  sodium-tungsten  bronzes  appear  to  be  related  to 
the  fact  that  the  character  of  the  one-electron  states  at  the 
Fermi  energy  is  such  that  these  states  are  not  efficiently 
excited  by  a  Na-site  core  hole,  and  (ii)  the  ramplike  linear 
absorption  thresholds  of  rare-gas  atoms  in  alkali-metal 
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hosts  appear  to  be  related  to  , the  fact  that  the  Fermi- 
surface,  states  at  the  rare-gas  site  do  i!Ot  have  sufficier.t 
alkali-metal  character.  An  interesting  prediction  of  the 
model  is  that  the  emission  spectrum  from  rare-gas  atoms 
in  alkali-metal  hosts  should  also  have  ramplike  thresholds 
rather  than  edge  anomalies.  It  would  be  gratifying  if  this 
prediction  were  verified  experimentally. 

ACKNOWLEDG.MENT- 

We  are  grateful  to  the  U.S.  Office  of  Naval  Research 
for  their  generous  support  (under  Contract  No.  N(XX)r4- 
84-K-0352). 


lOj.  D.  Dow,  Philos.  Mag.  35,  837  (1977). 

'•j.  B.  Goodenough,  Prog.  Solid  State  Chem.  5,  145  (1971);  Bull. 
Soc.  Chim.  Fr.  1965.  1200  (1965);  L.  F.  Mattheiss,  Phys. 
Rev.  B  6, 4718  (1972). 

•-A.  Kotani  and  V.  Toyozawa,  J.  Phys.  Soc.  Jpn.  37, 912  (1974). 
•^E.  Mehreteab  and  J.  D.  Dow,  Phys.  Rev.  B  26,  2261  (1982); 

Solid  State  Commun.  43,  837  (1982). 
i^L.  van  Hove,  Phys.  Rev,  89.  1 189  (1953). 

■^In  terms  of  the  Fermi-energy  phase  shift  associated  with  the 
electron-hole  interaction,  we  have  ao«2S,)/iT-6o/iri. 

'^R.  A.  Tilton,  D.  J.  Phelps,  and  C.  P.  Flynn,  Phys.  Rev,  Lett. 
32,  1006  (1974);  R.  A.  Tilton  and  C.  P.  Flynn,  Ibid.  34,  20 
(1975);  D.  J.  Phelps,  R.  Avci,  and  C.  P.  Flynn,  ibid.  34,  23 
(1975). 

'LM.  a.  Bowen  and  J.  D.  Dow,  Nuovo  Cimento  ID  587  (1982); 
.M.  A.  Bowen,  D.  V.  Froelich,  and  J.  D,  Dow,  Phys.  Lett.  102, 
73  (1984). 


15  OCTOBER  .1987.1 


'  physical  review  B  volume  36,  NUMBER  1 1 
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The  electronic  structures  of  the  pseudobinary  alloy  semiconductors  Pbj.jiSn,Tc  arc  analyzed 
using  a  tight?binding  model  witiv  spin-orbit  interaction.  The  densities  of  states  and  the  band  gaps 
at  the  L  point  arc  computed  for  both  the  efTectivc  media  using  the  virtual-crystal  approximation 
and  the  realistic  media  employing  the  recursion  method,  and  the  results  are  compared.  Both 
theories  exhibit  alloying  effects  such  as  band  broadening,  energy  shifts,  and  Dimmock's  band- 
ctossing  phenomenon.  However,  significant  deviations  from  the  virtual-crystal  approximation  are 
found  for  the  cation-derived  s-like  deep  valence-band  states. 


I.  INTRODUCTION 

The  narrow-gap  IV-VI  semiconductor  compounds  and 
their  pseudobinary  alloys  have  unique  properties.  They 
have  on  the  average  five  valence  electrons  per  atom, 
small  direct  band. gaps  at  the  L  point,  and  high  static 
dielectric  constants  of  order  10‘\  They  often  show  a 
variety  of  anomalous  thermodynamic,  acoustic,  and  elec¬ 
tronic  properties.**"  Pb|«.^Sn;jTc  is  an  especially  in¬ 
teresting  semiconductor  alloy  because  the  symmetry  of 
valence-  and  conduction-band  edges  of  SnTe  is  reversed 
compared  to  PbTe  and  other  IV-VI  semiconductors: 
The  conduction-  and  the  valence-band  edges  have 
and  symmetry,  respectively,  in  PbTe  and  most  other 
IV-VI  semiconductors,  while  the  ordering  is  “Dimmock 
reversed**  in  SnTc,*“^  This  has  an  interesting  co:vse- 
quence:  the  fundamental  band  cap  closes  to  zero  at  an 
intermediate  composition  a:  in  Pb|.JfSnJ^Te.^  This  prop¬ 
erty  of  the  fundamental  energy-band  gap  vanishing  for  a 
selected  composition  means  that  alloys  with  composi¬ 
tions  near  this  composition  exhibit  small  band  gaps  that 
satisfy  the  special  neerls  for  infrared  sources^  and  detec¬ 
tors^  in  modern  technology.  Therefore  it  is  very  impor¬ 
tant  to  understand  the  efl'ects  of  alloy  disorder  on  the 
electronic  structures  of  these  technologically  important 
materials. 

Recently,  Spicer  et  al,^  have  reported  experiments  in¬ 
dicating  the  selective  breakdown  of  the  virtual-crystal 
approximation  for  deep*  valence  bands  in  Hgi^.^Cd^Te 
(whicii  is  a  covalent  semiconductor  alloy  containing 
‘*lighi“  tCd)  and  “heavy"  (Hg)  atoms],  and  have 
identified  that  phenomenon  as  resulting  from  the  Hg  65 
atomic  levels  being  significantly  below  the  Cd  Sx  levels. 
Also,  H.JSS  et  al.*  have  obiai.ned  similar  disorder  cfTccls 
theoretically,  in  Hg|„,Cdj,Te  using  the  coherent- 
potential  appro.\ima:ion.  Davis'^  has  also  found  large  de¬ 
viations  from  viriual-crysia!  behavior  theoretically  in 
*^hi«j^SrjcS  wh:rc  the  cat*  »ns  Pb  'configi: ration  65*6p*) 
and  Sr  (configuration  5s differ  so  mac’  that  an  average 
cation  potential  i<  meaningie.ss. 

The  present  work  analyzes  the  effects  of  alloy  disorder 
on  the  electronic  structures  of  the  random  alloys 
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Pb|^j5Sn;tTe  using  the  recursion  method  with  a  tight- 
binding  model.  Pbi«;^5nvTc  is  an  ini-.'rcsting  material 
for  this  purpose  because  its  constitucti:  semiconductor 
compounds  PbTe  and  SnTe  have  verv  similar  overall 
electronic  structures,  except  for  the  Diminock  reversal 
of  the  valence-  and  conductioji-^and  edges;  the  alloy 
contains  light  ISn)  and  heavy  (Pbi  cations.  Moreover,  the 
electronic  band  structures  of  these  materials  have  large 
spin-orbit  splitii:‘.gs,  and  the  fundamentu!  gaps  are  not  at 
the  center  of  the  Brillouin  zone,  k-0.  Indeed,  some  au¬ 
thors  believe  that  PbTe  and  SnTe  are  ionic  rather  than 
covalent  materials.^  Therefore  the  usual  criteria*^  for 
the  validity  of  the  virtual-crystal  approximation  may  not 
apply. 

In  Sec.  II,  the  tight-binding  model  for  the  parent  semi- 
conductors  PbTe  and  SnTe  is  discussed,  and  the  recur¬ 
sion  method  is  outlined.  In  Sec.  Ill,  the  results  of  the 
calculations  are  presented  and  discussed.  Section  IV 
summarizes  the  conclusions. 

il.  CALCULATIONAL  PROCEDURES 
A.  Tight-binding  model 

It  is  well  known  that  Pb|^;fSn;tTe  forms  a  single¬ 
phase  pseudobinary  alloy  over  the  entire  composition 
range  jc,  with  about  2%  latiice-cons;::nt  change  from 
F»‘Te  to  SnTe.  compounds  crystallize  in  the  .**ock- 
salt  structure  with  lattice  constant  6.44.?  A  for  PbTe  and 
6.327  A  for  SnTe  (Ref.  11)  at  300  K.  The  electronic 
structures  of  PbTe  and  SnTe  iand  other  IV-VI  com¬ 
pounds)  have  been  extensively  invesiica.cd  ihvo'eiically 
and  experimentally  A  variety  of  computational  tech¬ 
niques  such  as  tJie  relativistic  augmcntcd-plane-wave 
method.***" the  onhonormalized-plane-wave 
(OPWi  method,*^  the  empirical  pseudopoicnlial 
method,*^” and  the  relativistic  Green’s  function  or 
Korringa-Kohn-Rostoker  method  (KKRj  iRef.  20)  have 
been  used  to  calculate  the  decironi.  band  s:ruciur-$  of 
these  materials  More  recently,  a  scif-consisieni  rcouiv- 
istic  APW  caicuiation  fur  SnTe  (Ref.  21)  and  first- 
principles  pseudopoiential  lotal-envrgy  calcalaiion  for 
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the -'groiindistate. properties- and  electronic  structures  6R 
.PbTe-ahd\ShTe  (Ref.  22)  have  been  reported.  Although 
consid-erabie  .differences  may  .exist  concerning,  some  de¬ 
tails,  such  as  the  parity  a.ssignments  at  the  L  point*’  and 
gap  structures  at  critical  points  (for  e.xample,  some  cal¬ 
culations*’''^"'  .showed  a  “hump  siiucture,"  i.e.,  the  L 
point  is  not  a  minimum-  or  maximum-energy  point,  but 
a  saddle  point  in  SnTc),  the  general' features  of  the  vari¬ 
ous  band  structures  mentioned  above  are  quite  similar. 
Concentrating  on  this  point  and  the  fact  that  the  recur¬ 
sion  .method  takes  it.s  most  convenient  form  in  a  tight- 
binding  model,  we  shall  use  in  this  work  the  empirical 
tight-binding  Hamiltonian  matrix  elements  of  Lent 
et  al.}*'  which  are  obtained  by  fitting  the  eigenvalues  of 
the  tight-binding  Hamiltonian  matrix  to -the  experimen- 
tai  band  gap  at  the  L  point  and,  to  band  e:iergie>  at  .sym¬ 
metry  points,  as  calculated  by  Herman  et  o/.'’ 

Since  the  relativistic  corrections  to  the  energies  of 
heavy  materials;  particularly  those  including  Pb,  are 
significant,’’’’®  the  Hamiltonian  used  for  band  calcula¬ 
tions  should  include  these  effects.  The  relativistic  Ham¬ 
iltonian  which  produces  the  energy-band  structure  has 
the  following  form:” 

/f  =  (p  ’/?  m )-{-  P  fj’V’  fV8m  ’c  ’  -p  V8m  ’e  ’  ,■ 

(1) 
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where  P  is  the  periodic  crystal  potential,  'the  spin^orbit  , 
term  which  mav’splii  degenerate'levels  is 

//^,  =  yia,-(VXp)Am’c’ ,  (2), 

and  the  remaining  terms,  are  the  Darwin  and  mass- 
velocity  terms,  respectively. 

Employing  the  idea.s  of  Harrison,*'  Chadi,’"  and  Vogl 
the  nearest-neighbor  light-binding  Hamihonian 
can  be  constructed, 

//o=  X  (  ;a.f><7.R)/i,,o<a,i,cr,K  ; 

R.ff.i 

-i-  i  c,i,a,R-rd)£,_,<c,i,a,R-i-d  [ ) 

-i-  2  ^a,i,a,K)V\j{c,j,a,K'~d\ 

+  (3) 

where  H.c.  means  Hermitian  conjugate,  R  are  the  lattice 
vectors,  f  and  j  are  the  localized  quasiatomic  orbitals  for 
the  cation  and  anion,  a  is  the  spin  index  (up  or  dowf.i,  a 
and  c  refer  to  the  anion  and  cation,  respectively,  and  d  is 
the  position  of  the  cation  relative  to  the  anion  in  any 
unit  cell:  d= (0^/2, 0,01.  The  spin-ort.it  interaction 
term  can  be  described  by  the  following  Hamiltonian:’* 


^jo=  X  ( lfl,f,c^.R^(Aa/2)La'tra(fl,;,(7',R  j  -r  |c,/,cr,R)(A./2)Lf-orf(c,;,cr',Rl ) 


(4) 


As  a  basis  set,  we  used  IS  quasiatomic  orbitals  local* 
ized  on  each  atomic  site  which  are  assumed  to  be  mutu* 
ally  orthonormaiized  by  the  method  of  Lowdin:^^ 

Py*  P:*  spin-up 

and  -down  state.  The  parameters  of  this  model  are  given 
in  Ref.  24,  and  reproduce  the  experimental  band  gaps  at 
the  L  point''  (0.186  eV  for  PbTe  and  0.3  eV  for  SnTe)  as 
well  as  the  calculated  band  energies  of  Ref.  15  at  the 
high-symmetry  points  f,  X\  and  L,  The  resulting  band 
structures  are  given  in  Ref.  24.  In  particular,  the  Dim- 
mock  reversal  of  the  band  structure  from  PbTc  to  SnTe 
is  correctly  reproduced  by  the  mode!. 

D.  Recursion  methnd 

To  obtain  the  densities  of  states  of  Pbi^j^Sn^Tc  alloys, 
we  require  a  theory  that  is  capable  of  predicting  the 
spectra  characteristic  of  pairs  and  clusters  of  minority 
atoms,  namely  a  theory  that  goes  beyond  the  virtual- 
crystal  appro.simaiion  <VCA>  (Ref.  31)  and  the 
coherent-potential  approximation  (CI\A*  (Refs.  6,  10, 

and  32-36).  We  us.  the  rCvU-oon  meihod.^*^'  which  c.v- 
ploits  the  fact  that  the  Hamiltonian  matrix  for  the  alloy 
can  be  transformed  into  a  real  >ynirnciric  matrix  by  uni¬ 
tary  transformation  from  the  old  basis  .c)  twith 
f=0, 1, , . .  ,.V,  where  i  stands  for  6,f,r/,R)  :o  a  :iew 
basis  ;  v)  (vs=0,l,2,  . .  .  ,  AT  Thus  we  have 


With  an  initial  choice  of  10)  and  6o=0,  this  equation 
can  be  iterated  to  determine  the  recursion  coefficients  o,. 
and  iy  (''==0,1, .  . ,  ,A0  and  the  Green's  funetton; 

Co.o(£)= - - .  16) 

- - - 


where  E  ha'  an  infinitesimal  positive  imaginary  pan.  In 
practice  this  expansion  is  cut  off  at  sume  finite  level  L 
(  =  51  here),  and  the  remainder  is  neglected.  Then  the 
local  densities  of  states  for  a  specific  site  b  and  sym¬ 
metries  /  arc  obtained  from  Gq.o  hy  ticking  the  imaginary 
pan:  ( —  1  /rllrnGo^o-  The  choice  of  initial  state  j  0  j, 

01=  ,  (7) 

R.a 

where  r  means  that  each  term  is  given  a  randomly 
chosen  sign,  yields  the  lota!  densit)  of  states  projected 
onto  the  b  'a  *ion  or  caiioi  site  ati .  the  symmetry  i  in  a 
random  alloy,  and  the  sum  of  local-state  densities 
is  the  total  density  of  states.  Details  of  the  method  can 
be  found  in  Ref.  37;  computer  programs  for  executing 
the  recursion  method  are  available.*'' 
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in.  RESULTS  AND  DISCUSSION 

We  first  calculate' the  density  of  states  for  the  perfect 
crystals  PbTe  anc’  SnTe,  employing  the  nearest-neighbor 
tight-binding  model  discussed -in  the  previous  section. 
The  results  are  shown  in  Figs.  I  and  2.  The  dot-dashed 
curve  is  the  density  of  states  obtained  by  the  Lehmann- 
Taut  method.^’  In  tliis  method,  the  Brillouin  zone  is 
decomposed  into  a  set  of  tetrahedra,  and  the  integration 
over  the  Brillouin  zone  is  evaluated  using  an  analytic  e.\- 
pression.  The  solid  curve  is  from  the  recursion  method. 
A  12x  I2x  12-atom  cluster  was  generated  to  simulate 
the  perfect  infinite  crystal,  and  the  local  density  of  states 
for  each  orbital  i,a  was  calculated  with  periodic  bound¬ 
ary  conditions. 

The  overall  agreement  between  the  two  methods  is 
very  good,  e.xcept  for  some  minor  details  such  as  the 
peak  structures  and  the  band-gap  smearing:  the 
differences  between  th.-  results  of  the  recursion  method 
and  the  Lehmann-Taut  method  are  within  the  tolerable 
range.  The  &-functioii-iike  peaks  are  associated  with  van 
Hove  singularities^  due  to  the  long-range  order  The 
more  or  less  smooth  peaks  in  the  upper  valence  bands 
given  by  the  recursion  method  (solid  curve)  are  partly 
due  to  the  finite  size  of  the  cluster  and  partly  due  to  the 
limited  resolution  of  the  present  method  bec.ause  of  the 
finite  cutoff  at  1=51.  .We  detennined  this  oy  varying 
the  size  of  the  cluster  and  L.)  .Another  difference  is  that 
while  the  Lehmann-Taut  .method  clearly  shows  the  band 
gap  to  contaiii  no  states,  the  band  edges  are  smeared  in 
the  recursion  method.  The  main  reasons  for  this  are  the 
limited  resolution  of  the  method  and  the  incomplete  can¬ 
cellation  of  the  off-diugona!  elements  of  the  Green’s 
function  due  to  the  choice  of  'andomly  phased  initial 
state.  The  band  edges  can  be  sharpened  by  choosing  an 
initial  state  !0)  localized  at  the  center  of  a  cluster  or  by 
investigating  the  spectra!  density  of  states  (as  will  be  dis¬ 
cussed  below).  In  Fig.  3,  the  contribution  of  each  orbital 


FIG.  2.  The  virtual-crystal-approximation  (dot-dashed 
curve)  and  the  recursion-method  (solid  curve)  density  of  states 
in  SnTe.  A  12x  12X  12-atom  cluster  with  periodic  boundary 
conditions  was  used  in  the  recursion  method. 


to  the  density  of  states  of  PbTe  is  displayed.  The  lowest 
valence  band  is  predominantly  anion  s-Iike.  and  the  mid¬ 
dle  valence  band  is  cation  s-like.  The  upper  valence 
bands  have  dominant  anion  p-like  character,  while  the 
lower  conduction  bands  are  p-iifce  and  cation  derived. 
This  can  be  visualized  by  the  following  simple  picture. 
The  Pb  atom  has  four  valence  electrons  |6s'6p*)  with 
free-atomic  orbiml  energies  —12.42  a.nd  —6.9.'  eV  (rela¬ 
tive  to  vacuum)  for  s  and  p  orbitals,  respectively,  and  the 
Te  atom  has  si,\  valence  electrons  (Ss'Sp'i  with  orbital 
energies  —19.05  eV  (5s)  and  -9. ’’9  eV  (Sp).'*'  The  two 
5s  electrons  of  Te.  which  have  the  lowest  orbital  ener¬ 
gies,  form  an  isolated  valence  band  deep  in  c.iergy,  and 
the  two  6s  electrons  of  Pb  form  a  middle  valence  band. 
The  two  6p  electrons  of  Pb  and  the  four  5p  electrons  of 
Te  interact  with  each  other  to  form  bonding  (valence 
band)  and  antibonding  (conduction  band)  bands.  There- 
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FIG.  1.  The  virtual-crystal-appr<*  'matton  (dc:-darhed 
curve)  and  the  recursion-.method  (solid  turve)  densi'y  of  states 
in  PbTe.  A  12X  i2x  12-atom  cluster  with  peiiodic  boundary 
conditions  was  used  in  the  recursion  method.  The  zero  of  en¬ 
ergy  is  the  valence-band  maximun;. 
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FIG.  3.  Local  density  of  states  for  cation  idot-dashed  curve) 
and  anion  (solid  curve)  calculated  bv  the  recursion  method  in 
PbTe. 
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Energy  (eV)  in  pby ^Sno.^Te.-  A  12x  12x  12-aiom  cluster  with  periodic 

FIG.  4.  Local  density  of  states  for  cation  (dot-dashed  curve)  boundary  conditions  was  used  in  the  recursion  method, 
and  anion  (solid  curve)  calculated  by  the  recursion  method  in 
SnTe. 


fo/e,  alloying  PbTe  and  SnTe,  which  is  equivalent  to  dis¬ 
tributing  Pb  and  Sn  atoms  randomly  on.  cation  sites,  has 
the  largest  effect  on  the  catibnlike  middle  valence  band. 
The  characteristics  of  the  local  density-of-suites  struc¬ 
ture  in  SnTe  are  similar  to  those  of  PbTe  (see  Fig.  4);  the 
5j  and  5p  free-atomic  orbital  energies  of  Sn  are  at 
—  12.97  and  —7.21  eV,  respectively. 

We  generate  a  model  of  the  random  alloy  Pb|_,Sn^Te 
by  rariviomly  occupying  cation  sites  by  either  Pb  (with 
probability  1— a:)  or  Sn  (with  probability  x),  while  all 
anion  sites  are  occupied  by  Te.  The  matri.x  elements  of 
the  alloy  Hamiltonian  are  derived  from  those  of  PbTe 
and  SnTe  as  follows:  On  cation  sites,  we  use  either  PbTe 
or  SnTe  matri.x  elements,  depending  on  whether  the  .site 
was  occupied  by  Pb  or  Sn.  On  Te  sites,  we  average  the 
PbTe  and  SnTe  matri.x  elements,  weighting  the  aver.ige 
in  proportion  to  the  number  of  neighboring  Pb  and  Sn 
atums'  to  the  Te.  Then  the  densities  of  states  for 


Pb|_;tSn,Tc  are  calculated  u.sing  both  the  virtual-cry.stal 
appro.ximation  and  the  recursion  method  for  a  number 
of -compositions  a:.  Again,,  the  density  of  states  is  ob¬ 
tained  by  the  use  of  the  Lehmann-Taut  method  in  the 
virtual-crystal  approximation,  and  a  12X  I2x  12-atom 
cluster  is  used  in  the  recursion  method  with  periodic 
boundary  conditions.  In  order  to  avoid  sample- 
dependent  results,  we  repeated  the  calculations  for  five 
different  alloy  configurations  of  12^  atoms,  and  averaged 
the  densities  of  states.  The  results  are  shown  in  Figs. 
5-8.  The  solid  curves  represent  the  recursion  density  of 
states,  and  the  dot-dashed  curves  are  for  the  virtual- 
crystal  approximation  (VGA)  results.  Both  the  virtual- 
crystal  approximation  and  the  recursion  density  of  states 
show  the  alloying  effects,  i.e.,  energy  shifts  and  width 
changes  of  the  density-of-states  peaks.  However, 
analysis  of  the  middle  valence  band  near  -7  e\',  which 
has  the  greatejt  alloying  effects,  clearly  reveals  the 
differences  between  the  predictions  of  the  two 
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FIG,  5  The  virtual-crNStal-approximation  (iioi-dashod 
curve)  and  the  recur, ion  method  (st.'  j  curve)  dcnsiiv  of  Males 
in  PbciSno-Te.  A  I2  -  I2X  12-atom  cluster  with  periodic 
boundary  conditions  was  used  in  the  recursion  method. 
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FIG.  7.  The  virtual-crysial-approximaiKm  (dot-dashed 
curve)  and  the  recursion-method  isolid  curved  dcnsii)  of  spates 
in  PboiSnajTe.  A  12 i2X  i2-au*»m  citistcr  with  periodic 
boundary  condition  was  used  m  the  recursion  method. 
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FIG.  8.  The  virtiiaLcrystal-appro.ximaiion  (dot-dashed 
curve)  and  the  recursion-method  (solid  curve)  density  oAstaies 
in  Pbo.0Sno.4Tc.  A  I2x  12X  12-atom  cluster  with  periodic 
boundary  condition  was  used  in  the  recursion  method. 


methods — the  effect  of  disorder:  This  band  is  a  doublet, 
with  its  low-  and  high-energy  components  due  to  Pb  and 
Si\‘S  states,  respectively. 

Since  the  bands  that  e.xhibit  the  alloy  effects  which  are 
beyond  the  virtual-crystal  appro.ximation  are  cation  s- 
like  in  character,  spin-orbit  coupling  does  not  produce 
any  novel  features  in  the  spectra  of  Pb^«;5Sn;5Te,  beyond 
the  spin-orbit  features  found'  in  PbTe,  SnTe,  and  a 
virtual-crystal  theory  of  Pbi^^^Sn^Te. 

Fortunately  the  results  we  find  agree  rather  well  with 
what  is  e.xpecied;  based  on  the  Onodera-Toyozawa 
theory  of  alloys*^ — despite  the  fact  that  theory,  to^our 
knowledge,  has  not  been  applied  previously  to  alloys 
with  fundamental  band  gaps  at  the  L  point  of  the  Bril- 
louin  zone.  The  density-of-siates  spectra  of  the  alloys 
exhibit  some  features  that  are  “persistent"  and  others 
that  are  “amalgamated"  in  the  terminology  of  Ref.  10. 
The  persistent  features  are  associated  with  the  cationlike 
middle  valence  bands:  the  )'b  6s-like  and  Sn  Ss-iike 
bands  that  retain  their  chaiaciers  in  the  alloy  because 
the  perfect-crystal  bands  do  not  overlap  in  energy.  The 
remaining  bands  are  amalgamated  and  tend  to  form,  hy¬ 
brids  of  the  PbTe  and  SnTe  bands  rather  than  e.xhibit 
separate  PbTe-  and  SnTe-like  bands.  This  amalgamation 
occurs  because  the  PbTe  and  SnTe  bands  overlap  in  en¬ 
ergy.  and  hence  mix  in  the  alloy. Bands  that  fall 
within  this  amalgamated  reci.me  can  generally  be  de¬ 
scribed.  in  a  first  appro.ximat*  m,  by  the  virtual-crystal 
appro.xirnaiion. 

Although  it  is  straightforward  to  include  a  valence- 
band  offse.  in  the  calculation  by  adding  a  constant  ener¬ 
gy  to  all  of  the  diagonal  matrix  elements  of  eithc**  PbTe 
or  SnTe  ^by  construction,  the  matrix  eiemenis  of  Ref.  24 
place  the  zero  of  energy  at  the  valericr-band  maximum), 
we  have  not  done  so  here  because  the  offset  is  thought  to 
be  small  (of  order  60  meV;/-  almost  neg.igible  on  the 
scale  of  the  figures. 

It  is  well-known  that  the  fundamental  band  gap  of 
Pb|...^SntTe  closes  at  some  intermediate  composition  be¬ 
cause  of  the  inverted  band  structure  of  SnTe.  We  calcu¬ 
lated  £{Lf )— )  of  Pb|,jjSn;5Te  a.  a  function  of 
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FIG.  9.  The  band  gap  £(Lr  l-EiL,*)  of  Pb,.,Sn,Te  vs 
composilioH/Vc.  The  solid  circles  (triangles)  are  obtained  using 
the  virtual-crystal  approxim-tion  (the  recursion  method),  and 
the  solid  line  represents  the  interpolation  of  PbTe  and  SnTe  c.x- 
pcrimcntal  results  of  Ref.  3, 


composition  x  by  diagonalizing  the  virtual-crystal  empir¬ 
ical  tight-binding  Hamuionian  (solid  circles  in  Fig.  9). 
.Also  the  corresponding  quantity  can  be  calculated  using 
the  recursion  method.  In  alloys,  the  translational  sym¬ 
metry  is  breken,  thus  the  wave  ’  cctor  k  is  not  a  good 
quantum  number.  However,  wc  still  can.  define  the 
spectral-density  functions  analogous  to  those  of  the  per¬ 
fect  crystal  by  the  folloxying:^ 

/I (k,£)  =  — ( l/r)  lim  Im{6,/,o’,k  1  G(£  -h/e)  1 6,(,a,k). 
r— 0 

(8) 

where  (6,/,or,k)  is  a  normalized  Bloch  sum  over  all  unit, 
cells  of  orbital  /  with  spin  a  on  each  atomic  site  b  (anion 
or  cation).  Then  the  position  and  broadening  of  the 
peak  represents^  the  energy  shift  and  damping  of  a  p.ir- 
ticular  quasipariicle  state  of  energy  £  and  wave  vector  k. 
Since  iL^)  has  anion  ^cation)  p-like  chorcien  a 
Bloch  sum  of  (Px’rPy^P:)/^^^  on  each  anion  ^cation) 
site  at  the  L  point  is  chosen  as  the  initial  state  |0)  for 
(L^),  and  the  spectral  density  of  stales  A  (k,£)  is 
calculated.  Then  the  gap  is  defined  by  the  differences  in 
the  peak  values  of  /l(k,£),  i.e.,  £(L^  ).  The 

theoretical  predictions  are  shown  also  in  Fig.  9  (solid  tri¬ 
angles)  in  comparison  with  a  linear  interpolation  of  the 
experimental  band  gaps  of  PbTe  and  S.nTe  (Ref.  3)  (solid 
line).  The  theoretical  uncertainty  in  EiL^  )  — £(Z.^)  is 
—  r:0.02  eV  for  0<.v  <  I.  The  calculated  band  gap  is  al¬ 
most  .  linear  function  of  composition  x  and  compares 
well  with  the  experimental  re.sults. 

IV.  SUM.MARY 

The  electronic  structures  of  Pbi.^Sn^Te  alloys,  in¬ 
cluding  their  parent  semiconductor  compounds,  have 
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.been'^analyzed.^usfng  th'e;'tight-biriding;  mqder  with  spin- 
orbit  interaction.  The  densities  of  states  .were  computed, 
for  both  the  effective  media  usihg:thcr.virtual-cryslal  ap- 
proximation^and  the  realistic  media  employing  the-recur-* 
sion  method,  and*  the  results  were  compared.  As  expect¬ 
ed,  both  theories  exhibited  alloying  effects  such  as  band 
broadening  and  energy  shifts,  However,  (he  two 
methods  differed  in  their  predictions,.  Tor  the  cation- 
derived  .'-like  stales,  whicli  experienced  the  greatest  al¬ 
loying  effect.  Thevalloy  composition  dependence  of  the 
band  gap  at  the  L  point  was^  analyzed,  and  exhibits 
pimmock’s  band-crossing  phenomenon.  The  above  facts 
show  that  the  recursion  method  Js  a  usefuf  tool  for  the 
study  of  the  electronic  structure  of  random  Pbj^;5Sn;5Te, 
and  in  particular  for  the  cationlike  middle  valence  band. 
However,  they^also  show  that  the  virtual-crystal  approx¬ 
imation  provides  a  remarkably  good  description  of  the 
electronically  important  top  valence  and  boitona  conduc- 
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We  review  theoretical  interpretations  of  Schottky  barriers  an  d  Fermi-le  e:  pinning,  which  result 
when  metals  and  other  chemical  species  are  deposited  on  semicnndt'cic*  j_;faces.  Experiments 
indicate  that  these  two  phenomena  are  closely  connected,  sc.a  theoiy  of  Schottky  barriers  must 
also  explain  Fermi-level  pinning  for  submonolayer  coverages  of  both  metallic  and  nonmetallic 
species.  Proposed  mechanisms  include  the  following:  (a.)  Intrir  sic  surface  statd.  ForGaAs  and 
severe!  other  materials,  there  are  no  intrinsic  surface  within  the  band  gap,;GaP,  e.g.,  does 
have  surface  states  in  the  gap,  but  they  are  not  at  the  correct  energy  to  explain  Schottky  barrier 
formation,  (b)  Metal-induced  gap  states.  These  states,  which  require  a  thick  metal  overlayer, 
cannot  explain  Fermi-level  pinning  at  submonolayer  metallic  coverages. -They  also  cannot  explain 
why  a  ringle  semiconductor  (n-type  InP)  exhibits  two  distinct  Schottky  b^er  heights. 
Furthermore,  they  cannot  explain  why  the  Schottky  barrier  persists  when  there  is  an  oxide  layer 
between  semiconductor  and  metal.  Metal-induced  states  can  in  principle  give  rise  to  Schottky 
barriers  at  defect-free  interfaces,  but  they  fail  to  explain  much  of  the  existing  experimental  data  for 
III-V  semiconductors  and  Si.  (c)  The  classic  Schottky  model.  This  model  is  hot  in  agreement  with 
experiment  for  III-V  and  Group  IV  semiconductors,  but  does  appear  to  account  for  the 
measurements  involving  nonreactive  metals  on  GaSe — a  layered  material  expected  to  be 
relatively  free  of  defects,  (d)  The  Spicer  defect  model.  This  phenomenological  model,  now 
supported  by  microscopic  theoretical  studies,  appears  to  account  for  many  of  the  observations 
regarding  Schottky  barrier  and  Fermi-level  pinning.  We  review  our  theoretical  investigations 
within  the  framework  of  the  defect  model,  which  provide  a  satisfactory  explanation  of  the 
principal  observations  for  both  III-V  and  Group  IV  semiconductors.  We  conclude  that  the  levels 
responsible  for  Schottky  barriers  and  Fermi-level  pinning  arise  from  two  sources:  (1 )  bulk-derived 
deep  levels  (e.g.,  the  deep  donor  level  for  the  antisite  defect  ASg,  ,  which  persi.sts  when  this  defect  is 
present  at  the  surface,  but  which  is  shifted  in  energy),  and  (2)  dangling-bond  deep  levels  (which  are 
also  shifted  in  energy  acc'irding  to  the  environment  of  the  dangling  bond).  Most  of  the  observed 
Schottky  barriers — for  both  III-V  and  Group  IV  semiconductors — are  attributed  to  dangling 
bonds. 


1.  INTRODUCTION 

Schottky  barriers  have  long  been  of  interest,  and  many  mi¬ 
croscopic  mechanisms  and  phenomenological  pictures  have 
been  hypothesized  to  explain  them.  Nowadays,  however,  the 
theorist  is  considerably  more  constrained  by  the  body  of  ex¬ 
perimental  fiitdings  than  he  was  only  a  few  years  ago.  It  is  no 
longer  sufficient  to  offer  a  theory  that  fits  only  a  limited  set  of 
Schottky  barrier  data.  A  theorj’  now  must  also  explain  the 
related  data  on  Fermi-level  pinning  at  submonolayer  cover¬ 
ages  of  /arious  metals  and  other  chemical  species.'"'*  For 
example,  the  experiments  of  Williams  and  co-workers*"’  in¬ 
dicate  that  n-lnP  exhibits  two  distinct  Fermi-level  pinning 
pohitions.  even  for  thick  metal  depositions — one  just  below 
the  conduction  band  edge  and  the  other  about  0,5  eV 
bfiow  £j.  Recently  Mdnch  and  Gant"  discovered  that  the 
r..  .li-level  pinning  forp-GaAs  anneals  out  at  the  annealing 
temperature  of  an  antisite  defect.  A  satisfactory  theory  of 
Schottky  barriers  must  explain  such  obser\  jtions  in  addition 
to  successfully  predicting  Schottky  barrier  heights. 


Here  we  review  various  microscopic  mechaitisms  that 
have  been  proposed  to  explain  Schottky  barriers  and  Fermi- 
level  pinning,  and  we  exa;*  aie  to  what  extent  these  mec.ha- 
nisms  are  compatible  with  the  experimental  data. 

It.  POSSIBuE  MECHANISMS 
A.  The  classic  Schottky  .Ttechanisnr. 

The  original  intc.-pretation  of  Schottky  barriers — that 
which  is  associated  with  Schottky  himself  (and  other  early 
workers) — is  tha;  charge  transfer  between  semiconductor 
an  1  metal  results  in  a  dipcie  layer  at  the  interface  t..id  an 
equilihrati^'n  of  Fermi  energies.  According  to  this  interpre¬ 
tation.  we  have 

is  =  W'-AT.  (1) 

whereC  fl  is  the  barrier  height,  IVis  the  workfunc  ..  mofthe 
metal,  and,;^  is  the  electron  affinity  of  the  semiconductor.'* 
Equation  (1)  is  violated  for  III-V  and  Gro'm  JV  j  jmiccnduc- 
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^163  /Sinke^^m:  Oanglmg  oondi  and  ^hottky, barriers 

torsr"^^  and  this  is  essentially  the  reason  that  Bardeen  ori¬ 
ginally  proposed  Fermi-level  ,  pinning  by  surface  states  of 
some  kind.  However,  Eq.  ( 1 )  niay  be  consistent  with  the  mea¬ 
surements,  for  some  more  ionic  systems,  such  as  some  II- 
Vrs,  and  for  relatively  nonreactive  metals  (the  noble  metals, 
Au  and  Ag)  on  GaSe.  Since  GaSe  is  a  layered  material  ex¬ 
pected  to  have  a  low  concentration  of  defects,  this  observa¬ 
tion  indicates  that  nearly  defect-free  surfaces  can  exhibit 
**Schottky”  type  Schottky  barrier  formation. 

B.  FermWevei  pinning 

Bardeen  proposed  that  Schottky  barrier  heights  are  due  to 
Fenm-lcvel  pinning  by  surface  states,  either  intrinsic  or  ex¬ 
trinsic.*  The  essential  feature  of  the  Bardeen  model  is  that 
the  Fermi  energies  of  the  bulk  semiconductor,  the  semicon¬ 
ductor  surface,  and  the  bulk  metal  must  align — and  that 
charges  diffuse,  causing  band  bending,  until  this  alignment  is 
achieved.  Much  of  the  current  interpretation  of  Schottky 
barrier  formation  is  based  on  this  Fermi-level  pinning  mod¬ 
el— with  many  of  the  current  controversies  centered  on  the 
issue  of  what  agents  do  the  Fermi- level  pinning  at  specific 
meial/semiconductor  contacts  prepared  under  specific  well- 
defined  conditions 

7.  Intrinsic  surface  states 

Since  the  mid-1970*s,  it  has  been  known  that  there  are  no 
intrinsic  surface  states  in  the  band  gap  for  the  (110)  surface  of 
GaAs,*^"*’  and  sc  such  states  cannot  account  for  the  ob¬ 
served  Schottky  barriers  and  Fermi-level  pinning  on  this 
surface.  Th'^  *  .ne  conclusion  appears  to  apply  to  other  di¬ 
rect-gap  IIl-V  semiconductors  like  InP.  In  the  case  of  GaP, 
there  are  intrinsic  |!  10)  surface  states  within  the  band  gap,‘° 
but  these  states  are  just  under  the  conduction-band  edge, 
whereas  the  observed  Fermi-level  pinning  position  for  n- 
GaP  (1 10)  is  much  lower  in  the  band  gap— at  an  energy  in 
good  agreement  with  the  predicted  acceptor  level  for  the 
surface  antisitc  defect  Po»»^^ 

2.  MetaUinduced  gap  states 

Tht  possibility  of  metal-induced  gap  states  at  semicon¬ 
ductor/metal  interfaces  has  been  discussed  by  a  number  of 
workers. Such  states  should  be  properly  treated 
through  a  microscopic  calculation  in  which  semiconductor 
atoms  are  bonded  to  .metal  atoms.  Only  a  calculation  of  this 
kind— with  the  interface  electronic  states  obtained  by  soh  - 
ing  Schrodingeris  equation  at  the  semiconductor/metal  in¬ 
terface  in  an  atomistic  picture— constitutes  a  proper  micro¬ 
scopic  iheor>‘.  Some  treatments  of  metal-induced  gap  states, 
however,  have  been  based  on  plausibility  arguments  or  very 
crude  approximations,  with  a  consequent  loss  of  reliability. 

In  principle,  metal-induced  gap  states  can  produce 
Schottky  barriers  and  Fermi-Ieve!  pinning.  In  practice,  how . 
ever,  they  do  not  seem  to  explain  the  observations  on  those 
systems  that  have  been  studied  ap  until  now.  There  are  sev¬ 
eral  difficulties  in  trying  to  explain  the  observations  with 
metal-induced  stares.  (1)  There  is  a  clear  connection  between 
Schottk)  barriers  for  thick  metal  contacts  and  Fermi-level 
pinning  for  submonobyer  coverages  of  metaF’*^,  i.e.,  a  the- 


1163; 

ory  of  the  former  is  also  required  to  be  a  theotyof  the  latter. 
Metal-ihduced  gap  states,  however, :are  supposed  to  extend 
into  the  bulk  of  the  metal,  and  so  they  arc  not  even  defined  for 
submonolayer  coverages,  (2)  I’heories  of  njetal-induced  stales 
predict  a  single  barrier  height  for  each  semiconductor,  al¬ 
most  independent  of  the  metal  in  the  metal/semiconductor 
comact  and  insensitive  to  surface  treatments.  They,  there¬ 
fore,  fail  to  explain  why  two  distinct  Schottky  barrier  heights 
are  observed  for  n-InP.^“’  (3)  Schottky  barrier  heights  are 
often  not  very  much  affected  when  an  oxide  layer  is  inserted 
between  the  semiconductor  and  th^  metal  (see,  e.g.,  Ref.  5), 
whereas  mctal-induced  gap  states  require  an  intimate  semi- 
conducior/meial  contact;  i.e,,  metaNi.  duced  gap  stales  do 
not  appear  to  explain  real-world  Schottky  barriers,  which 
oft;n  involve  an  oxide  layer  at  the  interface.  (4)  Metal-in¬ 
duced  states  do  not  apply  to  semiconductor/nonmetallic  in¬ 
terfaces,  like  the  GaAs/oxide  interface,  which  exhibits  *he 
same  Fermi-level  pinning  as  metals, •“*'**“*“*  (5)  The  stales  as¬ 
sociated  with  any  adsorbate— metal  or  otherwise— cr  n  be 
expected  to  depend  strongly  on  the  chemical  identity  the 
adsorbate,  Fermi-level  pinning  positions  and  Schottky  bar¬ 
rier  heights,  however,  are  often  about  the  same  for  a  variety 
of  adsorbates.*"*^  (6)  Estipaies  indicate  that  the  dipole  pro¬ 
duced  by  metal-induced  gap  states  will  often  be  at  least  an 
order  of  magnitude  too  small  to  account  for  the  Schottky 
barrier  height.^*  (7)  The  Fermi-level  pinning  for  ;)-GaAs 
(110)  anneals  out  at  the  annealing  temperature  o.’an  antisite 
defect*  * — a  fact  that  is  difficult  to  explain  in  a  melal-induceo 
gap-state  picture. 

i.  The  Spicer  defect  model 

The  fact  that  measurements  on  several  III-V  semiconduc¬ 
tors  (GaAs,  InP,  and  GaSb)  provided  strong  evidence  for 
Fermi-level  pinning — together  with  the  fact  that  experi¬ 
ments  also  indicate  that  these  materials  have  no  intrinsic 
surface  states  within  the  band  gap— led  Spicer  and  co- 
workers^”*^  to  propose  the  defect  model.  In  ih*s  model,  che¬ 
misorption  (or  cleavage)  produces  defects  of  some  kind,  and 
these  defects  g‘  rise  to  deep  (or  shallow)  levels  that  account 
for  the  observed  Fermi-level  pinning  and  Schottky  barrier 
formation. 

The  original  Spicer  defect  model  was  phenomenological, 
and  did  not  specify  the  precise  nature  of  th^  defects  responsi¬ 
ble  for  barrier  formation.  O'  .r  the  past  se  eral  years,  we 
have  attempted  to  provide  a  microscopic  lhe...  v  by  perform¬ 
ing  detailed  calculations  for  pa,  *..ular  defe.  •  We  find 
that  the  principal  experiments,  observations  are  well  ex¬ 
plained  by  the  theoretical  results  fo*  a  few  simple  defects. 

For  example,  1  shows  the  interpretation  of  the  ob¬ 
served  Fermi-levei  pinning  pi)sitioii5  ,.nd  Schottky  barrier 
heights  for  various  metals  and  i  ther  chemical  spec*e.s  depos¬ 
ited  on  the  ( 1 10)  surface  of  n-Inr.^  The  fact  that  there  dre  two 
observed  barrier  heights  for  lh,s  single  semiconductor  finds 
a  natural  explanation  in  the  defect  model — namelv,  there  a,c 
two  different  nati\c  defects  involved  addition  to  possible 
surface  impurilicsj.  Nonreactive  metals  produce  antisuc  de¬ 
fects,  and  reactive  netals  produce  v  acancies’"  ’  is  the  domi¬ 
nant  defects.  The  observed  “swuwhing**  of  barrier  heights 
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Fig.  !,  Surfiee  Fermi  energy  of  n-type  InP  vj  heat  of  reaction  of  InP’lvilh 
the  metali  Ni,  Fe,  AI,  Cu,  Ag,  and  Au,  according  to  Ref.  3.  The  theoretical 
lurface  defect  levels  for  the  ?  vacancy  if',),  the  native  antisite  defects  (Inf 
and  P|, ),  and  the  extrinsic  impurities  S  on  a  P  site  |Sf )  and  Sn  on  an  In  site 
|Sn|,),  are  given  at  the  right.  The  n>InP  data  can  be  interpreted  as  follows; 
Nonreactive  metals  produce  antisite  defects;  reactive  metals  anJ  treatment 
of  the  surface  with  oxygen  and  Cl  produce  P  vacancies.  Treatments  with  Sn 
and  S  produce  surface  Sn|,  and  Sf .  AAer  Refs.  37  and  38. 


shown  in  Fig.  1  provides  an  iaitialli/Ut  o-Ticim  iMt  for  any 
theory  of  Schottky  barriers. 

In  Fig.  2,  the  experimental*"*''^"  and  theoretical”  levels 
for  GaAs  (110)  are  compared.  Notice  that  there  are  again 
two  acceptor  levels  predicted  by  the  theory  for  surface  anti- 
site  defects,  in  accordance  with  the  experimental  observation 
of  two  distinct  Fermi-level  pinning  positions  for  the  single 
semiconductor  n-GaAs.^' ' 

In  Fig.  3,  we  show  the  comparison  of  experimental  and 
theoretical  Schottky  barrier  heights,  with  the  harrier  (for  Au 
contacts)  assigned  to  the  surface  antisite  defect,  cation-on- 
anion-site  (e.g.,  Gay^ ).  The  level  of  quantitative  agreement  is 


GaAs,  GaAs  surface 
experiment  - 


♦ 


*cftemisorDtton  "cleavage  AS  ^  GS 
-related"  -re  ated"  G3  AS 

Fig.  2.  Experimental  Fermi<Lvel  pinning  positions  Torn-  and p-type  GaAs, 
(Refs.  2-4  and  8-1 1)  compared  with  theoretical  predictions  for  surface  anti¬ 
site  defects  1  ASo,  and  Ga^, ).  Solid  circles  refer  to p-type  GaAs  (ex  penment), 
or  to  donor  levels  which  will  produce  Fermi-level  pinning  on  p-GaAs  (the¬ 
ory);  open  circles  refer  to  n-GaAs,  or  to  acceptor  levels  which  will  produce 
pinning  on  n-GaAs. 


Fio.  y  SchotiKy  barrier  height  as  function  of  alloy  composition  for  Au 
contacts  to  n-type  A!|.„Oa,As.  GaAs,«,P,,  Ga,,„ln,P,  lnP,,,As,» 
and  In,  _ ,  Ga,  As,  af;er  Ref,  39,  where  the  source  of  the  experimental  data 
arc  cited.  The  theoretic:  ’  ;ur  heights  correspond  to  the  antisite  defect 
cation-on-anion^sitc  (e.g.,  Ga^J. 


fortuitously  good,  in  view  of  the  fact  that  thers  are  uncertain¬ 
ties  in  the  theory  of  several  tenths  of  an  cV;  i.e.,  we  do  not 
claim  that  the  theory  can  predict  Schottky  barrier  heights  to 
within  ,0. 1  cV!  However,  we  regard  Fig.  3  as  dramatic  evi¬ 
dence  that  he  defect  model  does  provide  a  very  satisfactory 
explanation  of  Schottky  barrier  heights  as  well  as  Fermi- 
levcl  pinning. 

As  the  above  e;<amples  make  clear,  the  theory  indicates 
that  most  observations  of  Schottky  barriers  and  Fermi  “level 
pinning  for  III-V  semiconductors  are  explained  by  surface 
aritisite  defects  (with  vacancies  also  involved  in  a  few  cases). 
The  antisite  defects’  deep  levels  that  are  responsible  'or  Fer- 
mi-levd  pinning  invariably  have  dangling-bond  character. 
For  Group  IV  semiconductors,  however,  there  are  no  anti¬ 
site  defects.  In  this  case,  an  even  simpler  type  of  the  defect 
sufF.Cfis  to  explain  the  observations — namely,  dan^H.^g 
boiidSv  These  dangling  bonds  must  have  a  neighboring  voiu, 
vac//w  cy,  or  disordered  region  into  which  they  dangle;  other- 
their  energy  levels  would  be  severely  altered  by  the 
mct.'/J  of  the  mctal/semiconductor  contact.  Therefore,  we 
ref.  r  to  them  as  “sheltered,”^*  and  recognize  that  a  sheltered 
antUite  defect  is  essentially  a  (vacancy,  anti.rite)  pair. 

A'i  described  in  some  detail  in  Refs.  4(3-43,  dangling 
oonds  provide  a  very  good  explanation  of  the  experimental 
mee. surements  for  Si,  Ge,  diamond,  and  amorphous  Si  inter¬ 
faced  with  various  metals. For  example,  on  the  right- 
han)!  side  of  Fig.  4  we  compare  the  theoretical  dangling  bond 
energy  with  the  experimental  Fermi-level  position  for 
Group  IV  semiconductors  (inferred  from  the  Schottky  bar¬ 
rier  height  (pQ  for  Au  contacts,  as  described  in  the  figure 
caption).  It  can  be  seen  that  theie  is  good  agreement  between 
theory  and  experiment,  with  respect  to  both  chemical  trends 
and  the  position  of  the  energy  within  the  band  gap.*  This 
same  level  of  quantitative  and  qualitative  agreement  is  found 
for  various  other  systems — notably,  for  the  technologically 
important  Si/transition-metal-silicide  contacts.”*® 

In  F.ig,  4,  we  also  show  the  cation  dangling-bond  energies 
for  III- V  semiconductors,  together  with  the  experimental 
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Fic,  4.  Surface  Fermi  energy  for  n-type  semiconducti  inferred  from 
Schottky  barrier  measurements  (using  -  Eft  whcred*  is  the  bar¬ 

rier  height,  and  Ef  and  Ef-  are,  respectively,  the  conduction  band  mini¬ 
mum  and  the  Fermi  energy  at  the  semiconductor  surface),  compared  with 
the  surface  Fermi  energy  predicted  for  dangling  bond  defects.  The  sources 
for  the  data  are  cited  in  Refs.  39  (III-V  semiconductors)  and  Ref,  42  (Croup 
IV  semiconductors).  Both  the  chemical  trends  and  the  positions  within  the 
band  gap  are  predicted  correctly  for  the  Group  IV  semiconductors.  For  the 
III-V  semiconductors,  the  chemical  trends  are  predicted  correctly,  but  the 
positions  within  the  band  gap  are  too  high  by  3/4  eV,  This  indicates  that  i,;e 
relevant  dangling  bonds  are  associated  with  antisite  defects  for  the  III-V's, 
whereas  simple  dangling  bonds  explain  the  data  for  the  Group  IV's. 


surface  Fermi-level  positions  (inferred  from  the  Schottky 
barrier  data  displayed  in  Fig,  3),  Since  the  cation  dangling 
bond  state  is  empty  (an  acceptor),  it  would  provide  Fermi- 
level  pinning  on  n-type  III-V  semiconductors  if  dangling 
bonds  were  responsible  for  Fermi-level  pinning  on  these  ma¬ 
terials,  (The  anion  dangling-bond  state  is  filled — a  donor — 
so  it  would  provide  pinning  on  /»-type  III-V’s.) 

Two  interesting  facts  are  evident  on  the  left-hand  side  of 
Fig.  4;  (1)  The  cation  dangling  bond  does  a  remarkably  good 
job  of  reproducing  the  chemical  trends  of  the  measurements. 
(2)  However,  it  does  a  rather  poor  job  of  reproducing  the 
positions  of  the  measured  er.ergies  within  the  gap.  In  fact, 
the  cation  dangling-bond  energy  is  about  3/4  eV  too  high  to 
explain  barrier  heights  and  Fermi-level  pinning  on  n-type 
Ill-V  semiconductors. 

Although  we  do  not  display  the  results  here,  we  have  also 
calculated  the  anion  dangling-bond  energies.’^  These  are 
found  to  be  too  low  by  about  3/4  eV  to  explain  barrier 
heights  and  Fermi-level  pinning  on  p-type  semiconductors. 

Although  intrinsic  dangling  bonds  do  not  appear  to  pro¬ 
duce  deep  levels  in  agreement  with  the  measurements  on 
III-V  semiconductors,  it  is  important  to  emphasize  that  the 
levels  that  v.  e  invoke  to  explain  Schottky  barriers  and  Fermi- 
level  pinning — for  example,  the  levels  of  Figs.  1-3 — are  in 
most  cases  due  to  antisite  dangling  bonds.  We  note  that  the 
antisite  dangling-bond  energies  typi.-ally  “undermine”  the 
intrinsic  dangling-bond  energies,  in  thu.  the  antisite  acceptor 
levels  lie  lower  than  the  intrinsic  dangling-bond  acceptor 
levels,  and  it  is  the  lowest  acceptor  level  that  tends  to  produce 
Fermi-level  pinning  for  an  n-type  semiconductor.  [For  ex¬ 
ample,  compare  the  GaAs  cation  dangling-bond  gap  deep 
energy  level  of  Fig.  4  with  the  lower  GaAs  antisite  dangling- 
bond  level  (lower  open  circle)  of  Fig.  2.] 

in  order  for  a  defect  to  be  relevant  to  Schottky  barrier 
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•formation,  of  course,  it  must  be  present  in  appreciable  con¬ 
centration.  This  means  about  1  surface  defect  per  100  surface 
atoms,  according,  to  our  calculation^  and  those  of  Spicer  ev 
al.^^  (For  bulk  defects,  the  screening  of  the  semiconductor, 
with  dielectric  constant  e~10,  implies  that  an  order  of  mag¬ 
nitude  more  defects  are  needed-^abqut  1,  bulk  defect  per  10 
surface  atoms.*'*)  However,  we  do  not  find  it  implausible  that 
there  may  be  a  rather  high  concentration  of  intrinsic  and 
antisite  dangling  bonds  at  the  rather  disordered — and,-  un¬ 
fortunately,  not  yet  completely  characterized— interfaces 
between  III-V  semiconductors  and  metals.  In  fact,  Monch 
et  al."  find  that  for  the  "mild”  Ge  on  GaAs  sy.stem,  at  low 
coverage  (csO.5  monolayer),  states  (defects)  are  created  at  a 
rate  of  0.06  +  0.04  perdeposited  Ge  atom,  which  for  a  cov¬ 
erage  of  on'y  a  single  monolayer  corresponds  to  between  1 
defect  in  10  and  1  defect  in  50.  If  III-V  semiconductor/ 
metal  interfaces  exhibited  perfect  bonding  and  perfect  order, 
then  the  defect  model  would  be  inapplicable.  However,  as 
evidenced  above,  we  believe  that  such  interfaces  are  not  in 
fact  perfectly  ordered  as  they  are  grown  currently  in  the 
laboratory. 

III.  CONCLUSIONS 

The  present  theory  of  Schottky  barriers  and  Fermi-level 
pinning  by  native  defects  provides  a  very  satisfactory  expla¬ 
nation  of  the  experimental  obsen'ations  for  both  III-V  and 
Group  IV  semiconductors.  This  theory  involves  two  types  of 
defect  levels; 

(1)  Bulk-derived  interfacial  defect  levels,  such  as  the 
Asq,  donor  level  of  Fig.  2.  This  j-like  level  is  derived 
from  the  bulk  Asq,  Ai  donor  level,*’  and  is  merely  shift¬ 
ed  in  energy  at  the  surface.** 

(2)  Dangling  bond  levels.  The  observations  for  Group 
IV  semiconductors— Si,  Ge,  diamond,  and  amorphous 
Si — are  explained  by  intrinsic  dangling  bonds."”^*  The 
observations  for  III-V  semiconductors — GaAs,  InP, 
etc.,  and  their  alloys— are  explained  in  most  cases  by 
dangling  bonds  associated  with  antisite  defects,  such  as 
As  on  the  Ga  site  and  Ga  on  the  As  site.  In  some  cases, 
such  as  reactive  metals  on  «-InP,  surface  vacancies — 
which  involve  intrinsic  dangling  bonds — appear  to  be 
involved. 

Our  theory  of  Schottky  barriers  is  thus  primarily  a  theory 
of  Fermi-level  pinning  by  dangling  bonds. 
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Predictions  of  the  cnct^y  band  gaps  as  functions  of  alloy  composition  arc  given  for  the  Greene  aU 
loys,  which  are  mctasiablc,  cry’stallinc,  substitutional  alloys  of  III-V  compounds  and  group*IV  eie- 
mental  materials.  All  possible  combinations  <S  these  alloys  involving  Al,  Ga*  In.  P,  As,  Sb,  Si,  Ge. 
and  Sn  arc  considered,  The  T  and  L  conduction-band  minima,  relative  to  the  valcncc*band  maxima, 
exhibit  characteristic  ^'•shapcd  bowing  and  kinks  as  functions  of  composition  .x;  the  band  edgej  at 
point  X  bifuicatc  at  critical  compositions  ccircsponding  to  the  order*di^order  iranj.«  ion  of  Newman 
ct  ai  The  reshaped  bearing  due  to  the  transition  offers  the  possibility  of  band  gaps  significantly 
smaller  than  expected  on  the  basis  of  the  conventional  virtuaNcrystal  approximation.  Alloys  with 
modest  lattice  mismatches  that  are  pVedicted  to  have  especially  interesting  band  gaps  include 
(InP)i.jrGeit.  (AISb)j«xSn:,,  |G.aSb)|«xSni,.  and  (InAs)|^,Snic,  which  arc  alloys  with  potentially 
small  band  gaps,  and  (AUs)|,.<Ge2x  and  (GaAs)i.xSi^,  which  arc  alloys  with  larger  gaps  and 
several  interesting  band*edge  crossings  as  functions  of  composition. 


1.  INTRODUCTION 

Recently.  Greene  and  co-workers  have  fabricated  a  new 
class  of  semiconducting  alloys  for  a  wide 

range  of  compositions.* The  III-V  compounds  and 
group-IV  elemental  materials  are  normally  immiscible  at 
equilibrium.^  but  can  be  forced  to  mi.\  by  ion  bombard¬ 
ment  during  growth.  The  resulting  material,  in  the  case 


X 

FIG.  1.  Predicted  band  gaps  at  ponus  P,  and  X  versus  al¬ 
loy  composii'on  for  {GaSo'i.jtSnj,,  Kinks  are  s-en  in  the  P  and 
L  levels  and  the  level  at  point  X  bifurcates  at  the  assumed  criti¬ 
cal  composition  of  NVwman’s  zinc-blende-to-diamond  phase 
transition,  av -5*0.3.  The  cap  is  direct  for  all  compositions, 
ranges  from  2:0.6  to  zero  and  decreases  slowiy  as  a  function  of 
composition  from  0.15  -V  to  zero  for  compositions  greater  than 
the  critical  composition. 
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of  (GaAs)|.,,Ge>;r  or  (GaSb)i^xGcvj,  is  a  mctastable, 
cr>'stailinc,  substitutional  alloy  with  a  lifetime  at  room 
temperature  of  order  10*^  years.^  The  fundamental  energy 
band  gap  of  IGaAsli^^^Gc^jr  has  been  determined  from 
optical-absorption  measurements  and  shows  a  nonparabol¬ 
ic  F-shaped  bowing  as  a  function  of  alloy  co.npositlon  a* 
(Ref.  7),  A  F-shaped  band  gap  cannot  be  -xnhined  using 
the  conventional  virtual-crj'stal  approximation,  which 
gives  approximately  parabvilic  r*v’ing.  This  F-s.hap*''* 
bowing  is  explained,  however,  with  a  zinc-blende-io- 
diamond,  order-disorder  phase  transition.^ 

A  theory  for  this  transition  has  been  developed  by  New¬ 
man  et  and  applied  to  (Ga.Asli^jiGei;,.  As  seen  in 
Fig.  1,  where  the  theorj'  is  evaluated  for  the  conduction- 
band  minima  near  points  P,  L,  and  X  for  (OaSb)|_jjSni,, 
the  fundamental  band  gap  exhibits  a  I  -shaped  bowing  as 
a  function  of  composition,  with  a  kink  a:  the  critical  com¬ 
position  Xf.  This  theory  also  gives  smaller  gaps  than 
those  of  the  conventional  virtual-cr>»sial  approximation. 

In  this  paper  we  apply  this  theory'  to  the  entire  class  of 
alloys  involving  all  possible  combinations 
of  Al,  Ga,  In,  P,  As  Sb,  Si.  Ge.  and  S'.,  and  we  predict 
the  energy  band  edges  for  thc'-e  new  meiasiable  materials 
as  functions  of  alloy  composition  .v.  We  also  establish 
general  rules  for  understanding  the  cliemicai  trends  in  the 
band  gaps  and  for  choosing  a  nieiastable  (/I 
alloy  with  a  desired  energy  band  gap. 

II.  THEORY 

The  central  idc.*.  of  the  present  work  is  that  all  of  the 
m^tasiable  alloys  should  exhibit  an 
order-disorder  transition  from  an  ordered  zinc-blende 
structure  tin  which  cations  **know'*  which  sites  are  sup¬ 
posed  to  be  cation  sites)  to  the  disordered  diamond  struc¬ 
ture  in  which  there  is  no  distinction  between  .anion  and  ca¬ 
tion  sites.  The  critical  composition  ai  which  thi*  tran- 
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sition  occurs' depends  on  the  growth  conditions  of  the  al¬ 
loy. 

In  developing  a  theory'  of  the  electronic  structures  of 
these  alloys,  we  must  remember  that  very  little  is  present¬ 
ly  known  about  these  new  and  interesting  material'.. 
Many  of  the  metastable  alloys  have  not  yet  been  grown;  in 
most  cases,  satisfactory  growth  conditions  are  not  yet 
known;  and  it  is  not  yet  definitely  known  if  any  of  the 
Greene  alloys  other  than  (GaSb)|_,Gevj  exhibits  the 
order-disorder  transition  (which  should  be  detected  in  .\- 
ray  diffraction  as  the  disappearance  of  the  (200)  zinc- 
blende  spot  as  X  approaches  .x,  from  below]."  These 
facts  are  important  in  defining  the  nature  of  the  theory 
that  is  appropriate  at  this  time;  it  should  be  global  and 
simple,  rather  than  detailed  and  excessively  quantitative. 
With  this  in  mind,  we  assi'me  both  that  all  of  the  Greene 
alloys  exhibit  the  Newman  ei  al,  transition,  and  that  there 
exist  growth  conditions  that  will  result  in  a  critical  com¬ 
position  ATf =0.3,  the  value  appropriate  for  the  two  alloys 
grown  to  date  by  Greene  and  co-workers:  (GaAs)|_;,Gev, 
and  (GaSb)|_xGev,  {Xf  is  probably  experimentally  adjust¬ 
able).'*  We  then  predict  the  band  structures  (as  functions 
of  alloy  composition  .v)  of  the  remaining  (/l'"5'')A'li 
metastable  alloys  with  the  intent  of  determining  which  al¬ 
loys  are  likely  to  exhtbit  interesting  and  useful  clectroi;.‘e 
structures— thereby  targeting  specific  alloys  for  priority 
growth.  Thus,  we  present  these  calculations  in  order  to 
predict  which  materials  are  most  likely  to  be  interesting, 
rather  than  pretending  to  specify  the  band  structures  with 
any  precision. 

A.  Order-disorder  transition 

I 

The  order-disorder  transition  involves  a  change  of  syn:- 
meir>  from  the  zinc-biende  structure  to  the  diamond- 
cr>*stal  structure.  In  this  transition,  the  distinction  be¬ 
tween  anion  and  cation  sites  is  lost.  The  relevant  order 
parameter  is:^ 

A/(x)s=  {Pjii  (/*|||  )jnjon  » 

where  we  imagine  a  zinc-blende  lattice  with  sites  labeled 
nominally  “cation”  and  “anion,"  and  (Put  ^cation  is  the 
average  over  all  the  lattice  sites  of  the  prob-.t*ility  that  a 
column-III  atom  occupies  a  nominal  site.  Thus 

Mix)  is  proportional  to  the  average  electric  dipole  :*in- 
mem  per  unit  cell.  The  order  parameter  depends  on  the 
growth  c  widitions  (e.g.,  substrate  temperature,  io:.- 
bombardment  energyi  as  well  as  on  the  composition  ,v. 
For  a  completely  ordered  zinc-blende  alloy,  in  which  all 
coiumn-i!l  (column-V)  atoms  occupy  nominal  cation 
(anioif*  sites,  we  have  M  =  1  — x.  If  all  the  cations  are  on 
anion  sites  and  the  attions  arc  or  cation  sites,  we  have 
merely  miNlabeled  the  nominal  lattice  and  the  order  pa¬ 
rameter  is  x~l.  For  the  meiasiaolc  ordered  prase 
(x  <.v^=0.3),  we  have  0<  jMt.vtl  <  j— x.  For  the 
disordered  ^liamond  phase  (x  >Xc),  we  ha'e  .V/  =0. 

The  theoretical  problem  nosed  by  the  Green,  alloys  is 
that  of  preti.oiing  the  e! . t.Ic  structure  of  mctasiable  al¬ 

leys  whtch  are  described  u\  tiie  order  pa-anieier  .A/<x). 
Thus,  we  .m'i't  first  execute  a  nonequiiibrinm  phase- 
transition  of  .»f(x)  and  then  calculate  the  changes 
of  the  elcctrornc  structure  as  the  alloys  'with  different 


composition  x)  undergo  the  order-disorder  transition. 
Newman  showed  that  this . formidable  problem  could  be 
solved  by  breaking  it  into  four  connected  pans:  (i)  an 
equilibrium  phase-transition  theor>'  of  the  order  parame¬ 
ter  ;\/(x).  based  on  a  ihrec-acjponcni  "spin"- 
Hamiltonian  model  similar  to  the  Hlur.te,  Emery,  Grif¬ 
fiths  model**'  of  solutions.  (Spin-up,  spin-down, 

or  zero  at  a  site  in  sirnifies  occupation  of 

that  site  by  Ga,  As,  or  Ge,  respectively.]  ?iil  Introduction 
of  the  nonequilibrium  character  of  the  alloys  by  eliminat¬ 
ing  those  equilibrium  phases  that  cannot  be  reached  due 
to  growth  contiilions  (e.g.,  phase,  separation,  which  occurs 
at  equilibrium,  is  prevented  because  characteristic  growth 
times  are  small  in  comparison  with  the  required  for 
the  phases  to  diffuse  nparilj  tiii)  mutual  elimination  of 
two  unknown  parameieri  of  the  spin-Hamiltonian  model, 
i.e.^  a  spin-coupling  const?  nl  J  and  an  effective  growth 
temperature  T,  in  favor  of  one  empirical  parameter,  the 
critical  composition  and  (iv)  evaluation  of  the  elec¬ 
tronic  structure  using  a  modified  virtual-crystal  approxi¬ 
mation  and  a  tiglu-binding  model*’  whose  matrix  ele¬ 
ments  depend  parametrically  on  the  order  parameter 
A/lx;Xf).  Thus,  in  the  Newman  approach  there  arc  two 
Hamiltonians;  (i)  a  spin-Hamiltonian  for  treating  the 
order-disorder  transition  and  for  calculating  the  order  pa¬ 
rameter  A/{x;x^)  and  Cl)  an  empi’^cal  light-binding 
Han.ilionian— that  depends  parameiricaljy  on 
M (x  ;Xc)— for  calculating  the  electronic  structure. 

B.  Spin-Hamiltonian  mode) 

Newman  ct  ai  have  shown  that  u  III-V  compound 
semiconductor  such  as  Ga.^s  can  be  modeled  in  a  spin- 
Hamiltonian  language  as  an  "aniiferromagnet"  where 
spin-up  or  spin-down  on  a  site  represents  occupation  b'  a 
group-III  atom  or  a  group-V  atom,  respectively.  Thus 
GaAs,  with  allem;»*ing  Ga  and  As  atoms,  in  this 
language,  is  an  *‘an:::erromagnei."  The  "magnetization" 
is  proportional  to  the  net  electric  dipole  moment  per  unit 
cell,  Eq.  (1),  and  for  zero-temperature  GaAs  at  ec|uilibri- 
urn,  equals  unity.  In  metastari*  alloys, 

such  as  (GaAs)i^xGev^,  occupation  of  a  site  by  a 
column-IV  atom  such  ac  Ge  is  represented  by  "spin"  zero. 
If  the  Ge  were  to  occup>  both  anion  and  cation  sites 
without  disturbing  the  occupation  of  these  sites  by  Ga  and 
As,  then  the  order  parameter  would  be  .\/{x]=i— x. 
However,  M  is  not  I  —  x  because  Ge  tspin  zero*  dilutes  the 
"magnetization"  Mix;x^)  of  this  "aniiferromagnci."  by 
removing  nonzero  "spins**  nt  various  sites,  until  there  is 
insufficie.nl  "spin-spin"  interaction  for  an  average  site  to 
"know"  it  should  have  spin-up  or  spin-down.  With  a  suf¬ 
ficient  concentration  x  of  diluta.nis  ttha?  depends  on  tern- 
pcraiurci,  the  "magnetization"  vanishes,  and  the  system 
undergoes  a  phase  transition,  from  an  "aniiferromagnet* 
ic"  zinc-blende  state  with  to  an  ’’unmagneiized" 

phise  iM  ^0).  That  is,  as  Ge  ciiluie^*  GaAs.  an  average 
cation  tile  is  no  longer  fully  surrounded  by  As  aionv  and 
no  longer  feels  elecironicaliy  compelled  to  be  'occupied  by 
a  Ga  aio.m  rather  than  an  As  atom.  The  average  electric 
dipole  moment  A/(x>  of  the  orderev!  zinc-blende  p*'a^*e  de¬ 
creases  and  the  system  undergoes  a  transition  from  an  or¬ 
dered  zinc-blcn,*c  phase  sn  v  hich  Ja  atoms  prefereniially 
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occupy  nominal  cation  sites  to  i  disordered  {M  =0)  dia¬ 
mond  phase  in  which  there  is  no  distinction  be:  .een, 
anion  and  cation  sites.  Newman  constructed  a  spin- 
Hamiltonian  model  of  this  order-disorder  transition.  The 
important  physical  parameter  of  this  Hamiltonian  is  a 
nearest-neighbor  spin  coupling  (which  is  related  to  ener¬ 
gies  of  interaction  of  the  pairs  of  atoms  V-V,  IlI-III,  and 
III-V).  The  Hamiltonian,  when  treated  in  a  mean-field 
appro.ximation,  yields  the  following  equation  for  the  order 
parameter  M[x]Xc)'. 

tanh[(W/(l-.Vf)]  =  (.Vf/(l-.v)]  .  (2) 

where  .v,  is  the  critical  composition  of  the  order-disorder 
transition.  ! 

C.  Tight-binding  Hamiltonian 

The  electronic  structure  calculations  are  based  on  an 
empirical,  ten-band,  second-nearest-neighbor,  tight- 
binding  theory,  which  employs  an  sp^s'  basis  at  each  site 
of  the  zinc-blende  lattice.  The  on-site  and  nearest- 
neighbor  matri.'i  elements  of  this  model  have  been  ob¬ 
tained  previously  by  Vogl  et  alj’  who  fit  the  known  band 
structures  of  many  lII-V  compounds  and  group-IV  semi¬ 
conductors.  The  Vogl  matri.':  elements  are  augmented  by 
one  or  two  second-neighbor  parameters'*  (see  Table  I)  in 
order  to  obtain  a  better  fit  to  the  band  structures  of  these 
semiconductors  at  the  L  point  of  the  Brillouin  zone.  (The 
Vogl  model  was  designed  to  fit  the  conduction-band  struc¬ 
tures  well  near  points  P  and  .Y.)  The  on-site  matri.x  ele¬ 
ments  for  these  many  semiconductors  e.shibit  manifest 
chemical  trends  thai  depend  only  on  ,he  atomic  energies 
of  the  atom  on  the  site,  to  a  good  approximation.  The 
off-diagonal  nearest-neighbor  matri.x  elements  are  inverse¬ 
ly  proportional  to  the  s-,uare  of  the  bond  length  d,  accord¬ 
ing  to  the  rule  of  Harrison  et  o/.'^  For  our  purposes  the 
important  physical  parameters  of  the  tight-binding  Ham¬ 
iltonian  are  the  on-site  energies  of  the  cnlumn-IIl,  -IV, 
and  -V  atoms,  which  we  shall  interpolate  using  a  general- 


TABLE  I.  Second-neighbor  parameters.  Note  here  that 
elpja,pj,a‘)=£ip,c,p,c‘)  and  e{sa,p„ai=ie{p,c,sc').  See  Ref.  16 
for  details. 


Semiconductor 

eisa^p^Q*) 

£lp,a,p,a‘\ 

AlP 

1.990 

0.000 

AlAs 

1.830 

-0.876 

AlSh 

0.10! 

0.000 

GaP 

0.641 

0.000 

GaAs 

0.464 

O.COO 

GaSb 

0.688 

0.000 

InP 

0.368 

0.000 

InAs 

0.187 

0.000 

InSb 

0.107 

0000 

Si 

0.000 

0.146 

Ge 

0.157 

0.000 

Sn 

0.000 

0.056 

ized  virtual-crystal  appro.ximation.*  The  on-site  matrix 
elements  are  interpolated  according,  to  Eq.  (3),  as  are  Vd', 
where  P  is  the  off-diagonal  matrix  elei.'-.ents  and  d  is  the 
bond  length  of  the  alloy  predicted  by  Vegard’s  law;'® 
d{x)={  1  -.xWiii.v 

We  e.xpect  theS(.  (<4 alloys  to  satisfy  ade¬ 
quately  the  Onodera-Toyozawa'’  criterion  for  an  "amal¬ 
gamated"  electronic  spectrum,  .since  the  variations  in  on¬ 
site  diagonal  matri.x  elements  are  small  in  comparison 
with  nearest-neighbor  transfer  matri.x  elements.’®  There¬ 
fore,  we  e.xpect  them  to  have  relatively  well-defined  band 
structures  which  can  be  described  (in  a  first  approxima¬ 
tion)  by  a  mean-field  theory  of  the  vinual-crj’stal  type. 
They  cannot  be  treated  with  the  ordinary  virtual-crystal 
approximation,  however,  because  (in  the  disordered  "dia¬ 
mond"  phase,  in  particular)  they  contain  many  antisite 
atoms  (e.g.,  a  column-ill  atom  on  a  nominal  anion  site) — 
and  the  usual  vinu.d-crystol  approximation  does  not  allow 
for  antisite  atoms.  We  circumvent  this  problem  by  using 
the  generalized  virtinl-crystal  approximation/  which  has 
virtual  anions  and  caiions  such  that  the  virtual  cation  is 
(schematically)! 

[!l-x-}-.W/2]/l "'-{-{( 1/2)5 ''+,-c.Y‘''.  (3) 

Here,  <4'",  A'*'',  and  S'"  represent  the  colamn-III,  -IV, 
and  -V  atoms*  and  Mixux^)  is  the  order  parameter  (1)  of 
the  order-disorder  transition,  obtained  by  solving  Eq.  (2). 

III.  RESULTS 

The  energies  of  the  band  edges  (relative  to  the  valence- 
band  maxii.*um,  which  is  defined  to  be  the  zero  of  energy) 
are  given  in  Fig.  I  for  (GaSb)|„jcSn2jc*  Corresponding 
results  for  all  possible  ^^Hoys  are  given  in 

Figs,  2—4.  The  F  conduction-band  minimum  occurs  at 
k^i0,0,01  in  the  band  structure.  The  edges  labeled  r*  and 
A  rcicc  iO  the  conduction  minima  near  the  i  1,0,0)  and 
pc^inis,  respectively  (i.e.,  near  points  X  and  L).** 
For  k  at  the  A'  point  ^rf  the  Brillouin  zone,  the 
conduction-band  edge  actually  bifurcates  as  a  function  of 
alloy  composition  at  the  critical  composition  produc¬ 
ing  I'Oth  an  Xi  and  an  X^  minimum  in  the  zinc-blende 
(ordered)  phase  for  x  but  only  one  minimum  for 
.X  >.Xf  in  the  diamond  (disordered)  phase.  This  bifurca¬ 
tion  Is  reflected  in  the  dependence  of  the  minima  along 
the  A  line  as  functions  of  composition  .x  (see  Fig.  4),  be¬ 
cause  these  minima  lie  at  wave  vectors  near  point  X.  The 
relative  minimum  at  point  f,  when  plotted  as  a  function 
of  composition  .x,  exhibits  a  kink  at  .x^,  as  does  the  band 
edge  at  the  L  point.  The  minimum  in  the  A  direction  re¬ 
flects  the  kinked  behavior  of  the  nearby  L  point. 

In  addition  to  the  dependences  on  alloy  composition  .x, 
there  are  disceniible  trends  depending  on  the  positions  of 
the  atoms  in  the  Periodic  Table.  To  facilitate  quantifica¬ 
tion  of  these  trends,  we  define  an  effective  average  atomic 
number: 

{Z)^xZ,^  .r(l-.xKZ„j.^Zv)/2  .  (4) 

where,  for  example,  Z^i  is  atomic  number  of  the 
column-IIi  atom.  Figure  5  shows  that  the  P.  A.  and  A 
band  edfcw^  tend  to  dev. ease  In  energ>  vviih  increasing 
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FIG.  2.  Predicted!  band  gaps  of  alloys  versus  ;c,  for  the  following  IIl-V  compounds:  AlP,  AlAs,  AlSb»  GaP,  GaAs, 

GaSb,  InP,  InAs,  and  InSb.  Lattice  mismatches,  defined  by  Eq.  (5),  are  shown.  Kinks  can  be  seen  m  the  f,  A.  and  A  levels  at  the  as* 
sumed  cntical  composition  X{=:0.3.  The  A  minimum  generalK  lies  some  distance  from  iht  .V  point  in  our  tight-bmding  model,  so  the 
strict.bifurcation  at  the  X  point  is  not  clearly  visible.  The  kinks  near  x  =  I  are  due  to  a  crossing  of  the  and  Pj  levels. 


(Z),  with  P  decreeing  most  rapidly  and  A  decreasing  ten^iing  small-band*gap  materia!,  provided  its  electronic 

least  rapidly  with  (Z).  This  trend  can  be  exploited  for  transport  properties  can  be  made  suitable  for  device  appli* 

example,  to  find  metasiable  alloys  with  small  fundamental  caiionr*. 

band  gaps  for  possible  applications  in  infrared  photocra*  Prcdicied  b.md  gaps  of  the  nietastable  zinc-blcnde* 
phy;  The  smaller  gaps  are  associated  with  large  average  diamond  Greene  alloys  fabricated  from  Al,  Ga,  In,  P,  As, 

atomic  numbers.  Hence  (GaSbli^j^Sn^jt,  with  average  Sb,  Si,  Ge.  anJ  Sn  an*  ,'.hown  in  Figs.  2 — 4.  General 

atomic  numbers  ranging  from  36.5  to  5Q,  should  be  an  in-  trends  follow  those  of  ilic  prototypical  alloy 
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FIG.  3.  Predicted  band  gaps  alloy  versus  x,  fui  :he  following  III*V  compounds:  AiP.  AlAs,  AlSb,  GaP, 

GaAs,  GaSb,  InP,  InAs,  and  InSb.  Lattice  mismatches,  defined  b>  Eq.  f5),  are  shown.  KiiAs  can  be  seen  tn  all  levels,  at  (he  assumed 
critical  composition  .tf=0.3.  For  some  alloys,  notably  (InPli.xGea  H'r  j  <0.4  and  (InAs)i.^Geii  for  x  <0.5,  the  A  mmi.num 
occurs  at  the  X  point  in  our  tight^binding  model  and  the  strict  bifurcation  a:  point  A'  is  clearly  visible. 


(GaSb)|_jcSnv^,  shown  in  Fig.  1.  All  alloy  band  gaps  ex¬ 
hibit  kinks  at  as  a  function  of  composition.  There  is 
always  at  least  one  kin::  in  the  minimum  conduction-band 
edge  at  x  due  to  the  phase  transition.  This  kink  is 
not  associated  with  a  crossing  of  the  band  edges,  although 
these  types  of  effects  can  also  be  seen  at  other  composi¬ 
tions.  For  example,  in  (InP)i«;cGev5  (Ref.  22)  at 
.x=0.85,  the  conduction  band  at  F  crosses  with  A  and 
the  alloy  goes  from  being  a  direct-gap  semiconductor  to 


one  with  an  indirect  gap. 

The  alloys  with  the  smallest  lattice  mismatches 

An  /a  =(niv  -^ni.v  )/oiv  (5) 

are  especially  interesting.  We  focus  pnmanly  on  alloys 
with  Sa/a  <0.07.  Values  of  Aa/a  are  given  m  each  fig¬ 
ure. 

Since  the  details  of  the  band  gaps  for  these  alloys  de¬ 
pend  on  the  c.)nsMi;-:nts,  we  summarue  deiuls  below  fig- 
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FIG.  4.  Predicted  band  gaps  of  aJIoys  versus  for  the  following  III-V  compounds:  AlP,  AlAs,  AlSb,  GaP, 

GaAs,  GaSb,  InP,  In  As,  and  InSb.  Lattice  mismatches,  defined  by  Eq.  (5),  arc  shown.  Kinks  can  te  seen  n  all  levels,  at  the  critical 
composition  =0.3.  For  some  alloys,  notably  (InP)|..xSni,  for  .v  <0.6  and  (InAsli^xSoi,  for  x  <0  5,  the  ^  minimum  occurs  at  the 
X  point  in  our  tight-binding  model  and  the  strict  bifurcation  at  point  X  is  clearly  visible. 


ure  by  figure.  Figure  2  displays  predicted  band  edges  for 
zinc-blende  materials  combined  in  metasiable  alloys  with 
Si.  Th‘j«e  with  the  smallest  lattice  mism.atches  arc 
(AlP).^^Siv,  (^0/0= -0.004),  (AIAs)i.^Si.^  (-0.043). 
(GaPlj^^Si:,  (-0.004L  and  {GaAs)^^^SU^  (-0.043).-^ 
Thus,  of  this  class  of  well-lattice-riatched  alloys,  one  is 
restricted  to  materials  with  <Z;<23.  The  fundamental 
band  gaps  of  these  alloys  vary  from  1.17  cV  for  Si  to  2.5 
eV  for  ordinary  AIF.“*  These  gaps  tend  to  have  only  one 


kink,  .*^1  the  critical  composition  -v  =a^.,  because  the  fun* 
damenial  gap,  like  that  of  Si.  is  along  the  A*  line  for  all  at, 
and  does  not  cross  P  or  A  [the  e.\ccplion  being 
(GaAsli^jcSiix  for  winch  we  find  crossings  from  P  to  A 
to  A  as  a  function  of  increasing  composition).^  The  kink 
in  P  for  A*r^.0.8  is  due  to  mi.xing  of  this  level‘^  and  a  P'^ 
level  not  displayed  (Si  has  r^*<Pf).  In  contra:  t  to  the 
small-latticc-mtsmatched  materials,  the  hcavilv  strained 
alloys  (see  the  last  row  of  Fig.  2),  all  show  multiple  band- 
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FIG.  5.  Trends  of  the  la)  F,  (b)  A.  and  ic)  A  band  edges 
versus  average  atomic  number  (Z).  The  relevant  energies  for 
the  (/I  alloys  in  question  lie  within  the  boxes  of  the 

figures  >I'*nce  those  at  f  and  A,  in  particular,  tend  to  decrease 
with  Increa.mg  <Z>. 


edge  cros  .ngs  from  F  to  A  to  A  as  a  function  ofjncreas- 
ing  comp^'^silion  X. 

Figure  3  gives  band  edges  for  zinc-blende  materials  in 
metastable  fixtures  with  Ge.  Those  witli  .ihe  smallest  lat¬ 
tice  mismatches  are  (AiP)j_;jGe2;f  ‘.Ac/ /a  =--0.037), 
(AlAs),^^Ge.;,  (0.0),  (Ga^)i^;,Ge2.,  ^0.037). 

(GaAs)|^;^Gevc  (0.0),  and  (InP)j_^Ge2x  (—0.037).  In  this 
class  of  alloys  we  are  restricted  to  well-lattice-matched 
materials  with  (Z)  <32.  The  band  gaps  of  these  alloys 
vary  from  0,1  eV  for  (InPlj.^^Ge^jc  at  x  =u.3  to  2.5  for 
ordinary  AlP.  The  band  gaps  of  these  alloys  have  cross¬ 
ings  from  A  to  F  to  A  for  (AlP)|_^Gevj  and 
{A\ As) and  from  F  to  A  for  the  others.  Of  the 
remaining  alloys  with  larger  mismatches,  some,  such  a- 
(InAs)|_;fGev^  and  (InSb)|_;5Ge2^,  have  zero  gap  for 
some  compositions  x  but,  because  the  mismatch  is  larger, 
they  may  be  difficult  to  grow. 

Figure  4  presents  our  predictions  for  metascable  alloys 
resulting  from  mi.xing  zinc-blende  materials  with  Sn, 
Those  with  the  smallest  lattice  mismatches  a.’-e 
(AlSb),„;,Snr,  (Aa/fl  =0,053),  iInAs),^;,Sn2;c  (0.06S), 
(GaSb)|^;jSn2;t  (0.060),  and  (InSbj;^;cSnif  (0.0).  In  this 
class  of  alloys,  lattice  matching  restricts  us  to  materials 
with  32  <  (Z)  <50.  These  arc  especially  interesting  ma¬ 
terials  because  Sn  has  a  zero  band  gap.  The  band  gaps  are 
predicted  to  be  zero  for  the  metastable  alloys 
(InAs)|«;cSn2jc  and  (InSb)(«;cSn;;5  for  all  compositions 
(despite  the  f^aci  that  the  equilibrium  compounds  InAs 
and  InSb  have  nonzero  gaps^"*).  All  of  the  Sn-based  meta¬ 
stable  alloys  (with  small  lattice  mismatches)  memior^d 
above  are  either  direct-gap  or  zero-gap  materials. 
(GaSb)i«;5Sn2x  is  particularly  interesting,  because  the 
predicted  gap  varies  from  0.15  eV  to  zero  over  a  large 
range  in  composition,  from  0.3  to  1.0,  Hence,  the  gap  is 
small  and  may  not  be  too  sensitive  to  fluctuations  in  local 
environment.  This,  along  with  (InPli^jcGe^jt*  iriay  be  an 
especially  good  candidate  for  an  infrared  detector.**  The 
remaining  alloys,  while  coven.ig  a  large  range  in  gap  size, 
from  2.5  eV  f^or  ordinary  AlP  to  zero  for  Sn,  all  have 
large  lattice  mismatches,  la /a  >0.096,  and  good-quality, 
long-lived,  metasiable  samples  of  these  materials  may  be 
difficult  to  grow. 


IV.  CONCLUSIONS 

We  have  presented  predictions  of  the  energy  band  gaps 
versus  alloy  composition  x  for  the  Greene  alloys:  meta- 
stable,  crystalline,  substitutional  alloys  of  III-V  com¬ 
pounds  and  group-IV  elemental  materials.  The  band  gaps 
at  points  F  and  L  exhibit  kinks  and  the  X  points  bifurcate 
as  functions  of  composition  x,  at  a  critical  value  x^  corre¬ 
sponding  10  the  order-disorder  tran.Mtion  of  Newman 
e/  aL  The  F-shaped  bowing  offers  the  possibility  of  band 
gaps  significantly  smaller  than  e.xpecied  on  the  basis  of 
the  conventional  viriual-cr>’stal  approximation.  Alloys 
with  modest  lattice  mismatches  that  are  predicted  to  have 
small  band  gaps  include  (InP)j.^Ge>5,  (AlSbli^^Snj^, 
(GaSb)i«^Snvc,  and  (InAsli.^Sn^^.  Larger  band-gap  al- 
lovs  with  several  puieniially  interesting  level  ^.'ossings  m 
the  band  gap  include  tAlAsli.^Ge^,  and  (GaAsli.^Siic. 
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A  theory  of  Schottky  barriers  for  III-V  and  Oroup-IV  semiconductors  must 
explain  numerous  exper^ental^  observations,,  two  of  which  are  the  following:'  01 ) 
The  barrier  height  often  attains  nearly  its  final  value  with  the 

dupositron  of  only  a  fraction  of  a  monolayer  of  metal  on  the  semiconductor 
surface  (1,2J#  (Here  E^^  and  Ep^  are  respectively  the  energies  of  the  conduction 
band  edge  at  the  surface  and  the  Fermi  level  in  the  bulk*)  This  finding  implies 
that  the  mechanism  responsible^  for  Schottky.  barrier  formation  requires  only 
siibaonolayer  coverage'  rather  than  a  complete  semiconductor/metal  Interface*  It 
thus  appears  to  rule  out  menal'^induced  gap  states  (3->6)  as  the.  dominant  mechanism 
for  most  systems*  (2)  In  many  cases,  more  than  one  value  of  the  Schottky  barrier 
height  is  observed  for  a  single  seriiconductor .  In  InP,  for  example,  there  Is  a 
“switching"  of  barrier  heights  from  about  0.5  eV  to  nearly  zero  as  the  reactivity 
of  the  metal  treatment  of  the  surface  is  varied  (7).  A  theory  chat  yields  only  a 
single  barrier  height  for  all  metals  and  all  surface  treatments  is.  thus  unable  to 
explain  these  Schottky  barriers* 

Here  we  describe  a  theory  of  Schottky  barriers  for  III-V  and  Croup-IV 
semiconductors  that  is  in  agreement  vlth  the  above  observations  and  many  other 
features  of  the  experi'^iental  measurements  (l,2,7*|4]«  The  theory  is  based  on 
Ferrai^leyel  pinning  (15]  by  levels  associated  with  defects  at  the 
semiconductcr/mecal  Interface  (1,8-llJ*  We  believe  chat  this  theory  is 
applicable  to  most  observed  barriers,  but  recognize,  of  course,  that  ocher 
mechanisms  can  bn  Important  In  some  cases*  For  example,  the  original  Schottky 
mechanism  of  chargn  transfer  between  a  metal  and  a  semiconductor  without  defect 
states  in  che<  fundament;:!  band  gap  appears  to  dominate  for  nonreactlve  metals  on 
GaSe  (8). 

For  III-V  sdmiconductors,  the  states  responsible  for  pinning  the  Fermi-level 
are  associated  with  native  defects,  either  antisice  defects  (16»*'18]  or  vacancies 
(17-19)  at  the  semiconductor  surface*  For  Group-IV  semiconductors,  the  pinning 


defects  are  Interfacialv  dangling:  bonds  (20,21]  Si  dangling  bonds 

'’•'sheltered*'  fron^  the  wetal  by  interfacial  vacancies* 

In  Fig.  I,,  results  are  shown,  for  the  (UO)  surface  of  InP  (17).  l(bur 
calculations  icreploy  , methods  introduced  by  Vogi  et  al.  (22]  and  Hjaltoarspn  et  ai. 
i23),  together  with  the  analytic  Green's  function  technique  (24], .-using  the 
surface  relaxation  characteristic  of  ni-V  semiconductors  [25,26]*  It  can  be 
shown  (20]  that  a  defect  at  a  free  surface  has  virtually  the  same  deep  energy 
levels  as  a  sheltered  defect  at  a  semlconductor/metal  contact.)  At  the  surface, 
both  antisite  defects  —  Inp  and  —  are  predicted  ,tc  produce  deep  acceptor 
levels  at  about  0.5  eV  below  the  conduction  band  edge.  The  experimental 
Fermi-level  .pinning  position  for  non-reactive  metals  on  n-type  InP  (7,14]  ,  also 
shown  in  Fig.  I,  can  be  explained  by  cither  of  these  levels.  In  addition,  a 
surface  phosphorous  vacancy  Yp  is  predicted  to  yield  a  shallow  donor  level,  which 
appears  to  explain  the  other  Fefml-level  pinning  position  just  beneath  the 
conduction  band  edge  observed  for  reactive  metals  on  n-lnP  [7]  and  for  treatments 
of  the  surface  with  0  or  Cl  [8].  A  shallow  level  is  also  predicted  for  the 
surface  impurities  Sp  and  and  this  may  explain  the  experimental  results  for 

S  and  Sn  treatments  of  the  InP  surface  (8).  Although  not  shown  in  Fig.  1,  the 
predictions  for  p-lnP  are  also  in  agreement  with  experiment  [J"]. 
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Fig.  1.  Theoretical  and  experimental  Fermi-level  pinning  positions  for  the  (110) 
surface  of  InP  (after  Ref.  17). 
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Fig#  2.  Theoretical  and  experimental 
Schoetky  barrier  heights  for  various 
m-V  semiconductors  and  their 
.-rioys#  The  results  for  Ga^.j^Mj^As 
and  tn^^^Ga^As  are  also  given  In 


tl6l# 


theory 


Pd 


•xpt. 


Ev - 


c-SI  o-Si:H,  o-SI:H, 

TiOhl-bindinp  sep 

Pig.  3#  Calculated  Ferml->level 
pinning  positions  for  c*Sl  and 
a**Sl:H#  The  experimental  positions 
are  Inferred  from  the  measurements  of 
[29]  in  conjunction  with  the  band  gap 
of  a-Sl:K  of  1.8  eV  and  a  theoretical 
value  of  obtained  from  [28]  for 
a*Sl:K  with  a  band  gap  0.7  eV  larger 
than  chat  of  c-Sl  (sep)  or  a 
vlrtual-*zincblende  approximation  to 
the  theory  In  [27]  (tight-binding). 
Data  for  ?c  and  ?d  contacts  are  from 
[29]. 


In  Fig,  2,  we  show  the  Schoteky 
barrier  heights  predicted  by  the  present 
theory  (in  the  virtual  crystal 
approximation)  for  several  III-V 
semiconductors  and  their  alloys.  These 
results  are  for  n-cype  semiconductors,  with 
the  defect  responsible  for  Fermi-level 
pinning  taken  to  be  the  catlon-on-anlon 
site  surface  antlslte  defect  —  e,g#,  Ga  on 
the  As  site  [16],  The  predictions  are 
compared  with  measured  barrier  heights  for 
Au  contacts  [10],  The  agreement  between 
theory  and  experiment  Is  fortuitously  good, 
In  view  of  the  several  tenths  of  an  eV 
uncertainty  in  the  theory.  It  can  be  seen, 
however,  that  the  trends  with  alloy 
composition  are  very  well  described  by  the 
theory# 

In  Fig#  3,  results  are  shown  for  both 
crystalline  SI  (c-Sl)  and  hydrogenated 
amorphous  SI  (a-Sl;H)#  The  theory  for 
c-Sl,  which  Is  described  elsewhere  [20], 
provides  a  quite  satisfactory  description 
of  numerous  experimental  observations# 

Extensions  of  the  theory  to  Ge, 

diamond  were  also 

found  to  be  in  good  agreement  with 
experimental  data  [21]#  Here  we  present 
new  results  for  a-Sl:H#  Details  of  the 
theory  will  be  presented  In  a  longer 
article,  but  the  essential  Idea  was  to 
extend  the  c-Sl  prediction  for  the  SI 
dangling-bond  energy  to  a-SljH  by  employing 
the  tight-binding  theory  of 
Papaconstantopoulous  and  Economou  [27,28] 
for  this  material#  For  example,  we  treated 
hydrogenated  amorphous  SI  as  a  virtual 
zlncblende  ternary  alloys,  SKSlj^^H^j^) , 
deducing  tight-binding  parameters  for  SI 
and  from  the  parameters  of  Ref# 

[27].  These  parameters  were  then  used  to 
compute  Che  band  edges  of  a-Sl:H  relative 
to  chose  of  c-Si  and  the  deep  level  of  a  SI 
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bond  In  surrounded  by  a  local  envlronaenc  similar  co  chat  of  an  incerface 

with  NlSi2*  Our  results  are  given  In  Fig.  3,  and  agree  with  the  data. 

In  conclusion,  the  present  theory  provides  a  satisfactory  description  of 
Schottky  barriers  for  a  number  of  III*-V  semiconductors  and  their  alloys  (both  n- 
and  p-type),  and  for  SI,  Ge,  GC|.^Sij^  alloys,  diamond  and  a-Sl;H* 
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The  following  facts,  and  many  others,  concerning  in-V  (e.g.,  GaAs,  InP)  Schbiiky  barriers 
can  be  understood  in  terms  of  Fcrmi*level  pinning  by  inicrfacial  antisite  defects  (sheltered  by 
vacancies)  at  semiconductor/metal  contacts;  (i)  the  barrier  heights  are  almost  independent  of 
the  metal  in  the  contact;  (ii)  the  surface  rerml  levels  can  be  pinned  at  sub*monolaycr  coverages 
and  the  pinning  energies  are  almost  unalTected  by  changes  of  stoichiometry  or  crystal  structure: 
(Hi)  the  Schotiky  barrier  height  for  n*InP  with  Cu.  .Ag,  or  Au  is  ••O.ScW  but  changes  to 
»•  0.1  eV  when  reactive  metal  contacts  (Fe,  Ni.  or  .Al)  are  employed  because  the  antisite  defects 
are  dominated  by  P  vacancies;  attd  (iv)  the  dependence  on  alloy  composition  for  alloys  of  AI.An, 
GaAs.  GaP,  In  As.  and  GaAs  is  extremely  complex -owing  to  the  dependence  of  lijc  binding 
energy  for  the  cstion*on<anion*site  deep  level  on  alloy  composition.  Fermi-lcvcl  pinning  by  Si 
dangling  bonds  at  Si/transitlon-metarsHicide  interfaces  acc  iunts  for  the  following  facts:  (i)  the 
barrier  heights  are  independent  of  the  transitiommetal.  to  within  w0.3eV;  (Ii)  on  the  0.1  eV 
scale  there  are  chemical  trends  in  barrier  heights  for  n*Si,  with  the  heights  decreasing  in  the 
order  Pt.  Pd.  and  Ni;  (iii)  barriers  form  at  low  metallic  coverage,  (iv)  barrier  heights  are 
independent  of  silicidc  ciystal  structure  or  stoichiometrx'  to  =0.1  eV;  and  (v)  the  barrier  heights 
for  n*Si  and  p*Si  add  up  to  approximately  the  energy  of  the  band  gap. 


L  Introduction 

When  a  metal  is  deposited  on  a  semiconductor  surface,  a  potential  barrier 
to  electron  motion  is  formed,  which  prevents  the  flow  of  electrons  between 
the  metal  and  the  semiconductor.  The  physics  governing  the  formation  of 
this  Schottky  barrier  is  controversial  even  today.  Here  we  present  thooreii- 
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cal  calculations  which  support  the  notion  that  Schotiky  barriers  are  con'- 
monly  (but  not  exclusively  (!])  formed  as  a  result  of  "Ferriti-level  pinnini;" 
by  deep  trap  states  associated  with  defects  at  the  semiconductor 
surface. 

The  basic  idea  of  Fermi-level  pinning  was  enundated  by  13:,  deeh  (2)  in 
1947.  and  is  most  easily  desciibed  for  the  limit  of  a  degenerate  n-type 
semicondi  etor  in  eontaet  with  a  ineial.  The  Fermi  energje.s  of  the  .semi<:on- 
ductor.  the  semiconductor  .surface,  and'  the  metal  must  align  in  electronic 
equilibrium.  At  zero  temperature,  the  Fermi  level  of  the  .semiconductor  lies 
almo.st  at  the  conduction  band  edge  (more  precisely,  tit  the  donor  level),  and 
lines  up  with  the  Fermi  level  of  thcj  metal.  The  Fermi  energy  of  the 
semiconductor's  surface,  however,  can  lie  deep  in  the  funda  oental  band  gap 
if  there  are  deep  impurity  levels  in  the  gap.  In  this  case  of  .suflicierit 
concentration  of  deep  levels  in  the  gap.  the  deep  levels  .leteririine  and 
"pin"  the  Fermi  energy  of  the  surface,  which  does  no:  align  with  the  bull, 
semiconductor's  Fermi  energy  if  the  valence  band  maxima  of  the  bulk  and 
the  surface  are  assumed  to  be  at  the  same  energy.  Hence,  the  semiconductor 
and  its  surface  are  not  in  electronic  equilibriun'  w.'ieri  the  valence  band 
maxima  align.  As  a  result,  carrier:,  must  dinuse  in  order  to  bring  tl.c.surface 
into  electronic  equilibrium  with  the  bulk  semiconductor  and  the  metal:  a 
surface  dipole  must  build  up,  and  the  bands  must  bend  near  the  surface  to 
align  the  Fermi  energies  of  the  bulk  and  the  surface.  This  rc.sults  in  a 
Schottky  barrier  (see  fig.  1 ).  B:irdccn.  in  his  Fermi-level  pinning  paper,  left 
open  the  pos.sibility  that  the  deep  levels  responsible  for  the  pinning  might  be 
either  intrinsic  (e.g..  .surface  .states)  or  extrinsic.  .Spicer  and  co-workers  (."i) 
have  chamnioned  the  ide:*.  that  native  defeat  produced  during  the  formation 
of  the  semiconduetor/mfi.'il  contact  pin  the  Fermi  energy. 

In  this  Fermi-lrvel  pinning  model,  one  can  estimate  the  Schottky  barrier 
height  for  an  n-type  .semiconductor  by  fir.st  determining  the  defect  resjjon- 
sible  for  the  pinning  and  then  calculating  the  differenec  in  energy  between 
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the  neutral  defect’s  lowest  unfilled  deep  level  in  the  gap  and  the  conduction 
band  edge.  (For  p*type  material,  the  highe.st  filled  level  in  the  gap  pins  the 
Ferrni  level.)  Hence  the  problem  of  ctilculating  the  Schottky  barrier  height  is 
-reduced  to  the  equivalent  problem  of  computing  the  binding  energy  of  a 
deep  level.  (See  iig.  I.) 


2.  Deep  levels  in  the  bulk 

To  understand  the  physics  of  deep  levels  at  metal/semiconductor  con¬ 
tracts.  one  must  first  comprehend  the  basic  physics  of  deep  impurities  in  the 
bulk  of  a  semiconductor.  An  impurity  level;  by  current  definition  {4),  is 
"deep"  if  that  level  originates  from  the  central-cell  defect  potential  of  the 
impurity  (as  opposed  to  otiginating  from  the  Ipng-fanged  Coulombic  tail  of 
the  defect  potential,  as  for  ‘'shallow"  levels).' In  covalently  bonded  semi¬ 
conductors,  sp’-bonded  substitutional  defects  have  typically  four  deep  levels 
near  tho  fundamental-band  gap. and  an  infinite  number  of  shallow  levels. 
The  infinite  num'oer  of  shallow  levels  is  a.ssociatcd  with  the  fact  that  the 
Coulomb  potential  has  an  infinite  number  t>f: bound, states,  and  the  four  deep 
levels  are  due  to  there  being  one  s-like  -and  three  p-like  orbitals  for  an 
sp‘'-bonded  defect.  In  the  bulk  of  a  tetrahedral  semiconductor,  the  three 
p-states  are  degenerate,  forming  r  Tx-symirv.tric-deep  levek.and  the  s-siaie 
gives  rise  to  an  A,  level; 

The  four' deep  levels  need  not  all  lie  within  the  fundamental  band  gap. 
however.  In  fact,  it  is  rare  that  all  four  do.  Indeed,  a  "shallow  impurity"  is 
one  for  v.hich  all  of  its  deep  levels;lie  outside  the  fundamental  band  gap  (fig. 
2).  A  "deep  impurity"  is  an  impanty  that  produces  afleasi  one  deep  level  in 
the  band  gap.  The  issue  of  whether  a  deep  level  lie.v  within  the  gap  or  not  is 
a  quantita'.Vc  one:  if  the  host  baiwK  are  broad  enof  md  the  fundamental 
band  gap  is  narrow  enough,  .'hen  the  bands  are  likeh.  <  cover  up  all  of  the 
deep  levels,  making  them  resouam  with  the  host  bands.  Hence,  narrow-gap 
semiconductors  tend  to  have  relatively  fewer  "deep  impurity'  centers  (with 
levels  in  the  gap)  than  large  band-gap  materials. 

The  basic  phy.sics  of  deep  level.''  i-  illustrated  schematically  in  tig. for  the 
case  of  an  N  impurity  rcpuicing  P  in  the  bulk  of  GtiP.  For  simplicity  wc 
consider  only  the  A,  or  s-!ike  deep  state  of  the  defect.  Firs:  consider  atomic 
Ga  and  P,  which,  when  combined  into  a  molecule,  form  bonding  and 
antibonding  levels.  The  bonding-antibonding  .splitting  is  of  order 
fp).  where  r  is  the  nearest-neighbor  tran.sfer  ntairi.v  element  and  i' 

the  energy  denominator  re.suiiinu  from  perturbation  about  :hc  cvt-.-  tttc 
tight-binding  limit  [5.6].  Tne  bonding  and  a.itibonding  states  of  the  moie- 
cule  are  the  parents  of  the  conduction  and  the  valence  bands  of  the  .solid, 
respectively.  If  now  one  P  atom  is  replaced  by  an  N  impurity  attun.  the  N 
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Fig,  2.  Schematic  illustratio*  of  the  dllk^encc  between  *’5hullow**  and  **decp**  sp^-bondeJ 
substitutional  (donor)  impurities,  after  ref.  |2tl.  Hie  shuliow  energy  levels  ii  the  band  gap  are 
dashed.  The  deep  levels  of  A|  (s-like)  and  T:  (p^likc)  symmcir\'  arc  denoted  by  heavy  lines.  In 
the  case  of  a  ''shallow  impurity'*  the  deep  levels  are  resonances  and  lie  outside  the  fundamental 
band  gap:  for  a  "deep  impurity"  at  least  one  deep  level  lies  within  the  gap.  The  lowest  level  is 
occupied  by  an  extra  electron  (dark  circles)  if  the  impurity  has  a  valence  one  greater  than  the  host 
atom  it  replaces  (e.g,,  S  or  O  on  a  P  site  in  GnP). 

will  try  to  hybridize  with  its  neighbors.  However,  the  atomic  energy  of  the  N 
is  =*  7  eV  lower  than  the  corresponding  energy  of  the  P  atom  it  replaces  (i.e., 
the  defect  potential  in  the  central-cell  is  V'=*  -  7  eV).  As  a  result,  the  energy 
denominator  is  =»  7  eV  larger  for  N  than  for  P.  and  (since  v  is  almost  the 
same  for  P  and  N  [7]).  the  bonding-antibonding  splitting  is  .smaller -and  the 
deep  level  lies  within  the  band  gap.  For  a  slightly  less  negative  value  of  V 
(i.e..  a  slightly  more  electropositive  defect  than  N.  such  as  S).  however,  the 
deep  level  is  re.sonant  with  the  conditction  band -so  that  at  most  “shallow” 
states  bound  by  the  long-ranged  Coulombic.  -Ze'/er.  part  of  the  defect 
potential  (neglected  here)  would  lie  in  the  gap.  (Here  Z  is  the  impurity-host 
valence  difference  and  is  zero  and  unity  for  N  and  S.  respectively,  replacing 
a  P  atom  in  GaP.) 
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Fig. Schematic  illustration  of  the  qualiiutivc  physics  of  deep  levels,  as  discussed  m  ref.  [4]. 
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3.  pccp^levcls  of  surface  defects 

The  same  Jbiisic  physics  holds  for  a. defect;  at  a  surface.  T^e  reduction  of 
'the;  tetrahedrai;  symmetry  by  the -surface  cau.se.s  the  Aj  bulk  leve!.<;-'fp  shift 
and  the  T,  deep.leveis  to  split  into  three  ofbitally  nonrdegencratc  levels.  For 
a  defect  at  a. free  surface  the;splittings  of  the  Tj  level  are  of  order  i  eV. 
Therefore,  the  ir&tsurf ace.  defect  levels- lie  at  substantially  different  energies 
frd't.  the  bulk  defect  levels, 

.A  centra!  question  is -whether  the  pipning  defects  for  Scholtky  barrier 
formation  are  at  the  semiconductor's  surface  or  in  the  semiconduetpr's  bulk. 
There  is  noedefinitive  experimental  answer  tonhis. question  at  the-present. 
but  we  believe  that  the  defects  are  at  or  very  /tear  the  scmiconduct'or/metal 
inlcrlacs  in  environments  (hat  are  quite  similar  to  the  environment  of  a  defect 
at  a  free  surface.  By  this  we  thean  the  pinning  defects  are  each  adjacenl  to  a 
vacancy  or  a  void  (or  a  highly  electrbpoMtive  atom)  that  "shelters"  it 
electronically  from  its  more  distant  neighbors:  a  defect-vacancy  pair  in  the 
semiconductor's  bulk  has  es.sentially  the  same  energy  levels  as  a  defect  at  a 
surface  [8] -because  deep-level wavefunctions  are  rather  localized  to  the 
shell  of  first-neighbors  of  the  defect,  and  the  main  difference  between  a 
det'cct-vacancy  pair  and  the  same  defect  at  a  surface  is  that,  at  the  surface 
(which  can  be  thought  of  as  a  sheet  of  vacancies),  some  second*  and 
more-distant  neighbors  are  vacancies  rather  than  atoms.  (Second-neighbor 
effects  on  a  deep  level  are  rarely  major.) 

Our  reasons  for  adopting  this  viewpoint  that  the  pinning  defects  are  near 
the  semiconductor/metal  interface  and  "sheltered"  in  free-surfacc-like 
environments  are;  (i)  Fermi-lovel  pinning  can  occur  at  sub-monolayer 
metallic  coverages,  a  fact  that  is  difficult  to  explain  unless  the  relevant 
defect.*!  are  at  or  near  the  interface;  (ii)  the  simple  bulk  point  defects,  such  as 
vacancies  and  antisites,  unquestionably  give  qualitatively  as  we|i  as  quan¬ 
titatively  incorrect  predictions  for  the  observed  behavior  of  Fermi-level 
pinning  and  Schottky  barrier  heights  (e.g..  the  hulk  antisite  ASa,-As  on  a 
Ga  site -in  Ga.As  cannot  explain  the  Fermi-level  pinning  for  n-GaAs 
because  it  produces  on';  an  occupied  deep  donor  level  in  the  gap.  whereas 
an  unoccupied  acceptor  i.s  required  to  achieve  Fermi-leve!  pinning  in  the  gap 
for  n-type  material -i.e..  the  next  available  level  for  an  electron  is  the  deep 
level,  rather  than  the  conduction  band  edge).  In  contrast.  A.'.--^  at  the  .surface 
produces  two  deep  levels  in  the  gap:  a  deep  donor  and  a  deep  acceptor:  (iii) 
without  the  concept  of  sheltering,  the  defect  theory  would  he  in  conflict  with 
the  experimental  fact  that,  for  Ga.As  and  .some  other  semiconductors,  the 
deposition  of  different  (non-reaetivc)  metals  in  a  semiconductor/metal  con¬ 
tact  most  often  leads  to  the  .same  Schottky  barrier  height  (if  the  defect  were 
in  direct  contact  with  the  .metal,  its  energy  levels  would  be  significantly 
altered  by  changing  the  metal).  Therefore,  the  pinning  defect  must  be 
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adjacent  either  to  a  vacancy  or  to  a  very  electropositive  atom  (recall  that 
electrohicr"v  a  vacancy  is  an  infinitely  electropositive  •'atom"  (9)). 

Spicer  and  co-workers  [3].  Wiedcr  et  al.  [10],  Mdnch  et  ai.  [11].  and 
Williams  et  al.  [12]  have  presented  numerous  data  which  indicate  that  the 
surfaces  of  III-V  semiconductors  have  Fermi  levels  determined  or  "pinned" 
by  the  deep  impurity  states  of  native  defects.  The  exact  mechanisms  by 
which  these  defects  are  created  are  not  presently  understood,  but  it  is 
believed  that  they  arc  normally  generated  during  the  formation  of  the 
surface  (e.g..  by  cleavage)  or  during  the  deposition  of  a  metal  contact. 
Indeed,  the  precise  nature  of  the  native  defects  is  not  presently  known,  and 
one  purpose  of  this  work  is  to  provide  avtheoretical  framework  for  identify¬ 
ing  the  "pinning  defects".  We  shall  enumerate  the  possible  native  defects, 
argue  that  the  pinning  levels  of  many  comple.x  defects  are  virtually  identical 
to  the  pinning  levels  of  a  few  simple  ones,  show  that  some  simple  defects  can 
explain  the  observed  chemical  trends  in  Schottky  barrier  data  for  Ill-V 
semiconductors  while  others  cannot,  and  pr)pose  a  relatively  simple  and 
specific  picture  of  the  pinning  defects. 

The  po.ssible  native  defects  ais  anion  and  cation  vacancies,  both  typos  of 
antisitc  defects,  anion  and  cation  interstitials,  and  combinations  of  these.  J: 
can  be  shown,  however,  that  the  combination  defects  normally  have  spectra 
similar  to  the  sum  of  their  constituents'  spectra  [8]  -  and  so  we  consider  only 
the  isolated  defects.  We  also  eliminate  interstitials  from  consideration, 
because  (i)  interstitials  are  known  to  be  ver\’  sensitive  to  the  local  environ¬ 
ment  [13]  (whereas  Fermi-level  pinning  defects  arc  not),  and  (ii)  in  the  bulk, 
the  Group-Ill  and  Group-V  atoms  have  been  observed  either  on  their  own 
sites  or  on  the  antisitc.  but  (to  our  knowledge)  not  at  inter.siitial  positions. 
Defects  associated  w>;h  the  met.al  atoms  originating  from  the  metal  of  the 
contact  are  not  considered  because  (i)  for  some  semiconductors  at  least,  the 
Schottky  barrier  heights  are  relatively  independent  of  the  n.ctal.  and  (ii)  for 
most  of  the  .«:f*micoriductors  of  interest,  the  metal  atoms  thcm.selves  do  not 
produce  thn  required  deep  levels  in  the  fundamental  band  gap. 

Thus  wc  are  left  with  an  apparently  simple  problem:  compute  the  deep 
leveKs  of  the  vacancies  and  the  tinti.site  dcfect.s.  and  determine  if  these  levels 
explain  the  observations.  In  making  these  calculations,  however,  we  must 
recognize  that  this  or  any  theory  lias  uncertainties  of  order  =='l'..^eV  (part  of 
which  is  due  to  the  neglect  of  lattice  re!.:.\ation  around  i  le  defect).  There¬ 
fore.  we  do  not  simply  compare  the  theory  with  data,  ut  instead  we  (i) 
eliminate  as  many  as  po.ssible  of  the  Fermi-level  pinning  assignmeiii< 
because  the  theory  a.nd  the  data  dl.^:lgrec  by  >  0..^  eV.  and  (ii)  make  our  fin:il 
a.ssignments  on  the  basis  of  the  ob.'.ervcd  chemical  trends  in  the  Fermi-level 
pinning  position>  from  one  .semiconductor  to  another. 

The  calculations  employ  an  empitical  tight-binding  Hamiltonian  fb]  for 
the  host  semiconductor.  Since  the  parameters  of  this  H::miltonian  exhi.ni 
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chemical  trends,  the  defect  potential’.s  matri.\  elements  can  bo  estimated  from 
the  trend.'.  [4],  in  the  localizc'd-orbital  sp's’  tight-binding  basis,  the  defect 
potential  V  is  diagonal  (provided  we  a.ssume  that  the  lattice  does  not  rela.\ 
around  tiic  defect)  with  elements  proportional  to  the  dilfcrcnces  between 
the  atomic  energio'.  of  the  defect  and  the  host  atom  it  replaces.  The  deep 
levels  of  the  defect  are  obtained  by  solving  the  secular  equation 

det(l-(£-H„r'n=0  . 

where  H„  is  the  host  Hamiltonian  and  E  is  the  deep  level.  For  the 
calculations  reported  here.  H„  describes  a  rela.xed  (110)  Ill-V  surface  with 
the  27®  rigid  rotation  of  the  anions  out  of  the  surface  plane,  and  V  is  a 
matri.N  simulating  the  central-cell  potential  of  a  deflect  at  the  surface. 
However,  a  far  simpler  model  involving  defect-vacancy  pairs  in  the  bulk  or 
at  an  interface  would  give  similar  results  (14);  in  the  simpler  case  would 
represent  the  sheltering  vacancy  and  the  cluste’r  of  atoms  at  the  defect  site 
(before  the  defect  is  introduced)  and  at  surrounding  fir.st-  and  pos.sibly 
more-distant-neighbor  sites.  The  details  of  solving  the  secular  equation 
either  for  a  defect  at  the  free  surface  [15]  or  for  a  simplified  cluster  model 
(14)  have  been  de.scribed  elsewhere. 


4.  Results  for  III-V  semiconductors 

The  results  of  our  calculations  of  the  Schottky  barrier  heights  (i.e..  the 
binding  energies  of  the  lowest  incompletely  occupied  one-electron  level  of 
the  neutral  impurity  with  respect  to  the  conduction  band  edge)  are  given  in 
fig.  4.  whore  we  have  assumed  that  the  defect  responsible  for  Fermi-level 
pinning  is  the  cation-on-anion-site  antisite  defect  at  the  surface.  The 
agreement  between  theory  and  data  is  strikingly  o.vcellent.  and  strongly 
supports  the  hypothesis  that  this  antisite  defect  is  responsible  for  the 
observed  Schottky  barrier  formation.  (The  two  vacancies  and  the  other 
antisite  defect  fail  to  reproduce  all  the  •.•bserved  trends.) 

This  success  does  not  mean  that  all  Schottky  barrier  formation  in  lil-\’ 
semiconductors  is  attributable  to  Fcrmi-level  pinning  by  cation-on-anion-isite 
defects.  Although  an  antkite  defect  can  be  formed  with  le.ss  free  energy  that 
a  vacancy  (16).  we  believe  Fermi-level  pinning  by  vacancies  has  been 
observed  for  InP  contacts  with  reactive  metals  (17).  Indeed,  the  apparent 
dependence  of  Schottky  barrier  height  on  chemical  reactivity  (12.17.18)  can 
be  e.xplaincd  in  terms  of  chemical  reactions  changing  the  dominant  defect 
from  an  aniisite  to  a  vacancy.  The  reactive  metals  combine  with  P  makh.g 
stable  compounds,  leave  P  vactincics  (V,.).  hi  InP  these  vacancies  arc 
predicted  to  yield  shallow  donor  levels  in  the  fundamental  gap  near  the 
conduction  band  edge;  these  levels  pin  the  Fermi  energy  and  yield  ;i  small 
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Fig.  4,  E.vpcrimenial  (dashed)  and  theoretical  (solid)  dependence  of  the  Schottky  harrier 
heights  of  III-V  semiconductor  alloys  with  Au  contacts  versus  alloy  composition,  after  ref.  (22). 
The  theory  assumes  Fermidcvel  pinning  by  a  surface  cation-on-anion-site  defect. 

(=»  0.1  eV)  Schottky  barrier  height.  Thus,  when  reactive  metal.s  (viz..  Fc.  .Ni. 
or  AI)  are  deposited  on  InP.  the  dominant  FermMevel  pinning  defects 
appear  to  be  P  vacancies;  but  when  non-reactive  metals  are  deposited  (viz.. 
Cu,  Ag.  or  Au),  the  antisite  defect  levels  appear  to  dominate,  and  the 
barrier  height  is  appro.ximately  0.5  eV.  Thus  the  theory,  supplemented  by 
the  hypothesis  that  the  reactive  metals  produce  P  vacancies,  can  account  for 
the  InP  data. 

The  ability  of  the  theor)'  to  provide  a  natural  explanation  of  the  dooen- 
dence  of  Schottky  barrier  height  on  chemical  reactivity  is  especially  im¬ 
portant.  because  it  oners  a  re.'olution  of  a  major  controver.sy  be'ween  the 
viewpoints  (i)  that  Schottky  barrier  formation  is  due  to  Fermi-level  pinning 
by  defects  (championed  by  Spicer  and  co-workers  [3]).  and  (ii)  that  Schottky 
barriei  formation  depends  critically  on  chemical  reactivity  (advocated  by 
Brillson  and  associates  [IS]).  Our  own  viewpoint  is  that  both  sides  of  the 
controversy  are  essentially  correct,  and  that  different  chemical  reactions 
produce  different  dominar.  defects  and  Fermi-levcl  pinning  positions. 

Prev.'ntly.  it  is  not  known  if  reactive  metals  do  indeed  produce  a  sufficient 
number  of  interfacial  P  vacancies  in  InP.  Indeed,  studies  of  P  diffusion  indicate 
that  the  diffusion  rate  is  greater  for  non-reaciive  metals  and  that  P  concentrates 
at  the  reactive-metal/InP  interface  [19]! 

The.^e  arc  many  other  experimental  facts  concerning  Ill-V  semiconduc¬ 
tors.  mevt  of  them  of  a  detailed  [..iturc.  that  the  Fermi-level  pinii::-g  theory 
can  explain.  But  rather  than  focus  on  those  details  in  our  limited  .space,  we 
instead  turn  our  attentism  to  Si  (which,  being  homopolar.  has  no  anti.sitc 
defects)  and  the  question  of  whether  Si's  v'hottky  barriers  are  simil.-ir  to 
those  of  the  lII-V's. 
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5.  Sl/transition-metal  silicide  Schottky  barriers 

The  best-studied  Si  Schottky  barriers  are  those  with  transition-meial 
silicides.  The  silicides  themselves  are  metals  crciited  by  the  reaction  of  the 
transition-metals  with  the  Si.  For  these  systems  we  believe  the  pinning 
defects  are  Si  dangling  bonds. 

The  local  defect  we  think  is  responsible  for  the  Fermi-level  pinning  is 
similar. to  a  bulk-Si  vacancy  whose  four  nearest-neighbor  atoms  (instead  of 
all  being  Si)  are  three  transition-metal  atoms  and  one  Si  atoms  (the  one 
whose  bond  dangles  irito  the  sheltering  vacancy  due  to  a  missing  Si  bridge 
atom  at  the  Si/transition-nu'tal  silicide  interface)  (2(lj.  If  the  transition-metal 
atoms  were  instead  Si  atoms,  locally  this  defect  would  be  a  bulk-Si 
vacancy -with  an  .A,  symmetric  deep  level  resonant  with  the  valence  band 
and  a  T-  level  in  the  Si  band  gap.  Hence.  tO'deiormine  the  physics  of  the 
Fermi-level  pinning  at  the  Si/tran.sition-metal  silicide  interface,  we  need  only 
understand  how  the  bulk-Si  vacancy’s  deep  levels  change  as  three  of  the 
vacancy’s  neighbors  change  from  Si  into  transition-metal  atoms.  The  change 
of  the  three  neighbors  from  Si  into  transition-metal  atoms  can  be  simulated 
by  increasing ’the  sp’’  hybrid  energies  of  the  atoms  on  the  transition-metal 
sites  (for  the  hybrids  oriented  toward  the  vacancy)  from  (for  Si)  to  V'’ 
(for  transition-metal  atoms),  with  V  of  order  5  eV.  That  is,  relative  to  Si.  the 
transition-metal  atoms  are  very  electropositive  (electronically  like  vacan¬ 
cies).  The  large  positive  repulsive  potential  V’  on  the  transition-metal  sites 
merely  pushes  the  Si  dangling  bond  away  from  the  silicide  and  into  the  Si. 
In  the  process,  it  drives  the  energy  of  the  T,  deep  level  for  the  bulk-Si  vacancy 
out  of  the  fundamental  band  gap  and  into  the  conduction  band,  and  brings 
the  Aj  level  up  into  the  gap.  (For  V-*  t  the  A.-derived  level  approaches 
the  hybrid  energy  asymptv^tically  from  below.)  This  level,  for  the  neutral 
defect,  is  singly  occupied  by  one  electron,  and  therefore  can  pin  the  Fermi 
energy  of  either  n-Si  or  p-Si.  Hence  the  barrier  heights  for  n-  and  p-type 
material  add  up  to  the  band  gap.  Since  changes  of  V  of  order  1  eV  have 
little  effect  on  a  pinning  level  that  asymptotically  approaches  the  theory 
e.vpiains  why  different  transition-rnetals  have  the  .same  barrier  heights  to 
within  »().3eV.  while  the  differences  in  barrier  heights  on  the  O.I  eV  scale 
reflect  the  chemical  trends  in  V  (which  is  propo'iional  to  the  difference 
between  the  atomic  energy  of  a  t.^msition-mctal  and  that  of  Si)  giving 
decreasing  barrier  hcighi.s  for  Pt.  Pd.  and  .N'i  silicides.  Moreover,  since  the 
pinning  defee  is  localir.cd  and  has  properties  that  depend  primarily  on  the 
electropositivity  of  the  transuion-mctal  atoms,  one  can  understand  win- 
barriers  form  at  low  metallic  C'n-erage.'''  and  have  heights  that  are  insensitive 
to  stoichiometry  or  the  .silicide  ..rysta!  .structure.  Thus  Fermi-level  pinning  by- 
dangling  bonds  can  ticcount  for  the  main  e.vperimental  facts  concerning 
Schottky  barrier  heights  at  Si/t.-'ansiiion-mctal  sili-eide  interfaces. 
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6.  Discussion 

We  have  touched  on  a  small  subset  of  the  many  and  varied  experimental 
facts  that  can  be  explained  by  the  Fermi-level  pinning  model  of  Sehottky 
barrier  formation.  T^i.s  model  has  beer.  Miccessfully  applied  to  Schottky 
barriers  involving  Si.  Si|.,Ge,.  and  diamond  (with  Fermi-level  pinning  by 
dangling  bondO  as  well  as  to  III-V  semiconductors  (in  which  antisite  defects 
add  dangling  bonds  pin  the  Fermi  level).  It  appears  to  be  applicable  to  any 
covalent  semiconductor  which  responds  to  contact  formation  by  .spon¬ 
taneously  producing  a  sufficient  number  of  native  defects. 
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We  have  used  a  variciy  of  novel  approaches  in  characieriiing  meial-scmicondu7ior 
interfaces -sofi  X-ray  photoemission  spectroscopy  with  interlayers  or  markers,  surface  photo¬ 
voltage  spectroscopy,  and  cuthodoluminescence  spectroscopy,  coupled  with  pulsed  laser 
annealing -to  reveal  systematics  between  interlace  chemical  and  electronic  structure.  The 
chemical  h.isis  for  these  intcrfacial  properties  suggests  new  avenues  for  controlling  electrc.'.ic 
structure  on  t  microscopic  seal.'. 


1.  Introduction 

With  the  application  of  surface  science  techniques  to  the  study  of  meial- 
seni-conductor  interfaces,  considerable  progress  has  been  achieved  in 
understanding  the  interactions  which  take  place  at  the  micioscopic  junction 
and  their  influence  on  macroscopic  electronic  properties  (1-6).  In  particular, 
it  is  now  generally  accepted  that  the  e.xtrlnsic  electronic  states  of  a  metal- 
semiconductor  interface -e.g..  those  due  to  some  interaction  between  metal 
and  semiconductor- rather  than  any  intrinsic  states  present  at  the  semi¬ 
conductor  surface -dominate  the  Schottky  barrier  formation.  Considerable 
evidence  for  these  conclusions  has  been  derive,  from  contac:  potential  {7.1*5). 
surface  phoiovoltage.  low  energy  electron  loss  (9.111).  UV  (12.1.').  and  soft 
X-ray  photoemission  .spectroscopies  (14-21).  With  these  techniques,  research 
groups  around  the  world  have  found  strong  charge  transfer  and  atomic 
redistribution  occurring  with  the  deposition  of  only  a  few  monolayers  or  less 
of  deposited  metal  on  clean,  ordered  .semiconductor  surfaces.  ITius  related 
phenomena  such  as  chemical  reactions.  dilTusion.  formation  of  defects. 
dipolv'.s.  and  alloy  layer.\  at  the  met..;-.semicondt.c:or  interface  arv  ob.served 
which  can  account  for  Schottky  barrier  iormation  on  an  atomic  .scale.  Within 
the  las!  few  years,  this  body  .tf  work  has  been  e.vtcndcii  to  reveal  further 

•  InN  w.irfc  reporivd  here  wa.<  carried  out  in  coilabnr.nion  with  C.F.  Uri'ckur.  A.  Kainani.  .M. 
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A  theory  of  the  phonon  spectral  densities  of  states  is  reported  for  the  long-lived,  metastable.  crys¬ 
talline  alloys  (GaSb)j«,(Gc2);i,  assuming  both  a  zinc-blende-diamond  phase-transition  model  of  the 
metastable  structure  and  an  on-site  substitutional  model  without  a  phase  transition.  Comparison  of 
both  models  with  the  data  strongly  favors  the  phase-transition  model,  but  not  so  strongly  as  to  be 
absolutely  compelling  evidence  for  the  piodel.  The  theory  is  evaluated  with  use  of  the  recursion 
method  and  a  rigid-ion  approximation  with  first-  and  second-nearest-neighbor  force  constants.  The 
evolution  of  the  spectra  with  increasing  x  is  predicted,  and  is  considerably  more  complicated  than 
that  given  by  either  a  virtual  crystal  or  a  persistence  approximation,  Principal  spectral  features  arc 
associated  with  vibrations  of  various  bonds.  All  of  the  major  anomalies  in  the  Raman  data  are  ex¬ 
plained:  (i)  The  alloy  dependence  of  the  Ge-like  LO  Raman  linewidth  is  related  to  the  entropy  per 
site,  lii)  The  discontinuity  as  a  function  of  x  in  the  Raman  peak  position  of  the  Ge-like  LO  mode  is 
due  to  the  changing  importance  of  vibrations  associated  with  Ge-Gc  and  Ge-Ga  bonds,  (iil)  The 
anomalous  asymmetries  of  the  GaSb-like  and  Ge-like  LO  Raman  peaks  are  attributed  to  spectral 
features  associated  with  Sb-Sb  bonds  and  Ga-Ge  bonds,  respectively,  liv)  The  LO-TO  splitting  at 
ks=0  is  proportional  to  the  order  parameter  of  the  pliase  transition  and  decreases  from  the  GaSb 
value  to  zero  as  x  increases  to  XfSr.0,3.  The  model  kj*ds  strong  hut  indirect  support  to  the  phase- 
transition  model  over  the  on-site  model,  because,  as  a  function  of  x,  the  maximum  Raman  linewidth 
coincides  with  the  maximum  entropy  in  the  phase-trausition  model,  but  not  in  the  on-site  model. 


I.  INTRODUCTION 

Recently  Greene  et  ah  fabricated  metastable,  substitu¬ 
tional,  crystalline  alloys  of  group-IV  elements  with  III-V 
compounds  such  as  (GaAsli.jffGej);^  (Ref.  1)  and 
(GaSbJj^j^lGcOjc  (Ref.  2),  Unlike  conventional  quasi¬ 
binary  III-V  alloys  such  as  GaAsi_;jP;j,  the  characteriza¬ 
tion  of  the  disorder  in  this  new  type  of  alloy  is  complicat¬ 
ed  by  the  fact  that  three  electronically  different  elements 
are  distributed  on  the  lattice  sites  of  two  face-centered- 
cubic  sublattices.  The  first  theoretical  approach  to  this 
problem,  proposed  by  Newman  et  is  based  on  a 
mean-field  theory  in  which  a  zinc-blende— diamond 
(order-disorder)  phase  transition  occurs  at  an  alloy  com¬ 
position  =0.3.  This  approach  successfully  e.xplains  the 
observed  K-shaped  bowing  of  the  direct  band  gap  in 
(GaAs)i_jf(Ge2)x  as  a  function  of  composition  x?  Fur¬ 
thermore,  unambicuoMs  confirmation  of  the  predicted 
phase  transition  has  been  reponed  in  the  recent  x-ray  dif¬ 
fraction  measureme:*is  of  (GaSb;|_^(Ge2)x  by  Larnett 
et  al?  Effects  of  the  disorder  in  the  .*!loy  are  also  seen  in 
the  vibrational  propenies  of  (GaAs)|_;c(Ge2)x  and 
(GaSb/i.x^G^2^t«  shown  in  some  recent  measurements 
of  their  Raman  spccira.^”'^ 

In  this  paper,  we  consider  the  (GaSb)|_jc(Ge2)x  Raman 
data  of  Krabach  e'  a/.^  and  Beserman  ei  which  show 
anomalously  broad  linewidths  for  compositions  in  the 

32 


raage  .xc:50,2— 0.7.  In  order  to  understand  how  the  disor¬ 
der  affects  the  vibrational  properties  of  these  metastable 
aRoys,  we  calculate  the  vibrational  densities  of  states  of 
(GttSb)|_xfGe2)jc  using  the  recursion  method.'®""*’  We 
employ  tv/o  theoretical  models  of  the  disorder,  one  based 
on  the  predicted  phase  transition,  and  one  ^without  an 
order-disorder  transition)  that  assumes  the  Ge  merely  di¬ 
lutes  the  GaSb  without  leading  to  the  formation  of  any 
aniisite  defects  or  Sb-Sb  bonds.  The  resulting  densities 
of  phonon  states  of  |GaSbi|_jf(Ge2)x  are  compared  with 
the  Raman  data.^*’ 

The  recursion  method  has  been  applied  pre'u'ousK  to 
theoretical  studies  of  phonons  in  perfect  crystals/^  but.  to 
our  knowledge,  the  present  work  represents  one  of  the 
first  applications  to  semiconductive  cry’stalhne  alloys,*" 
and  the  first  application  to  )x  metastable 

alloys.  The  recursion  method  is  basically  a  continued- 
fraction  scheme  for  calculating  the  Green’s  function  and 
the  local  density  of  states  at  a  central  sue  of  a  cluster  of 
atoms  in  real  space.  A  major  advantage  of  the  method 
over  other  cluster  schemes  is  that  the  commued^fracnon 
truncation  does  not  introduce  spurious  gaps  las  a  supercell 
scheme  does)  or  surface  slates  las  a  finite-cmster  method 
does).  A  clear  and  concise  discussion  of  the  method  is 
given  in  the  work  of  Ne.x**  and  HaydocL;^*  the  computer 
subroutines  used  to  evaluate  the  densities  of  pnonon  states 
are  the  Cambridge  Recursion  Librai^i*^*  mam  routines  are 
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listed  in  Ref.  15.  The;method  properly  accounts  for  the 
local  environment  surrounding  the  central  atom  in  a  clus¬ 
ter,  and  thus  it  is  ideally  suited  for  obtaining  local  densi¬ 
ties  of  states  in  any  disordered  system,  especially  one  that 
is  well  described  by  a  localized  basis,  such  as  a  tight- 
binding  model.  The  advantage  of  the  recursion  method 
over  other  commonly  employed  alloy  theories  (such  as  the 
coherent-potential  approximation)  is  that  the  effects  of 
clusters  of  minority  atoms  are  explicitly  included,  and  so 
the  theory  is  accurate  beyond  orders  x  or  (1— w) — while 
the  coherent-potential  approximation  is  not. 

The  main  shortcoming  of  ihe  method  is  that  it  is  not 
well  suited  for  handling  long-ranged  forces,  such  as  the 
dipole-dipole  interaction  responsible  for  the  Lyddane- 
Sachs-Teller  splitting  of  longitudinal  and  transverse  optic 
phonon  modes  at  the  center  of  the  Brillouin  zone.'^ 
Nevertheless  a  previous  recursion  calculation  for  the 
quasibinary  semiconducting  alloy  .Al;,Gai_,As  (Ref.  14) 
showed  that  the  method,  despite  its  neglect  of  long-ranged 
forces,  is  useful  for  correlating  pe.aks  in  the  density  of 
phonon  states  with  major  features  Rantan  and  infrared 
spectra,  and  for  associating  those  peaks  with  specific  local 
atomic  configurations  in  the  alloy. 

In  this  paper  we  compute  the  phonon  spectral  densities 
of  states  assuming  two  models  of  substitutional  alloy  dis¬ 
order:  (i)  an  on-site  model,  in  which  cations  always 
remain  on  nominal  cation  sites,  and  (ii)  a  phase-transition 
model,^*'*  in  which  all  atoms  can  occupy  either  nominal 
cation  or  nominal  anion  sites. 


II.  THEORY 

There  are  three  basic  steps  to  our  theory:  (i)  The 
development  of  an  adequate  theory  for  describing  the 
dispersion  relations  and  phonon  densities  of  states  of  pure 
GaSb  and  Ge  (Sec.  II  A):  (ii)  the  modeling  of  the  alloy 
statistics— that  is,  the  determination  of  the  probabilities 
that  a  site  is  occupied  by  each  of  the  atoms  Ga,  Sb,  and 
Ge  (Sec.  II B):  and  (iii)  the  proposing  of  prescriptions  for 
determining  the  force  constants  in  a  specific  cluster  of  the 
alloy  in  terms  of  the  force  constants  of  GaSb  and  Ge  (Sec. 
II C).  Details  of  the  calculations  are  in  the  Appencices. 

A.  Phonons  in  GaSb  and  Ge 

/.  Force  constants  and  dispersion  relations 

We  assume  the  harmonic  approximation  and  use  a  sim¬ 
ple  rjgid-ioa  mode!  to  parametrize  the  phonon  dispersion 
curves  of  GaSb  and  Ge,  ignoring  all  but  the  first-  and 
second-neat  est-neighbor  force  constants;  we  also  set  the 


long-ranged  Coulomb  forces  to  zeio.  There  arc  a  number 
of  disadvantages  associated  with  this  simple  model.  The 
most  important  is  the  neglect  of  all  long-ranged  Coulomb 
forces,  which  are  responsible  for  (i)  the  nonzero  splitting 
of  the  longitudinal  ('ptic  (LO)  and  transverse  optic  (TO) 
modes  at  the  center  of  the  Brillouin  zone  for  zinc-blende 
materials  (due  to  the  dipole-dipole  interactions),  tii)  addi¬ 
tional  contributions  to  the  splitting  of  the  LO  and  TO 
modes  away  from  the  Brillouin-zone  center  (due  in  part  to 
the  dipoles  induced  in  vibrating  polarizable  atoms),  and 
(iii)  the  flattening  of  the  transverse  acoustic  (T.A)  branch 
near  the  Brillouin-zone  boundary.  These  long-ranged  ef¬ 
fects  have  been  incorporated  in  previous  models,  such  as 
the  shell  model*'''*  or  the  bond-charge  model,'’  but  are 
neglected  here  because  our  primary  interest  is  the  study  of 
the  effects  of  local  alloy  disorder  on  the  phonon  spectra. 

Justification  for  the  neglect  of  Coulomb  forces  is  af¬ 
forded  by  the  fact  that  (i)  effective  charges  in  these  ma¬ 
terials  are  typically  very  small  (~0.1  eVHRef.  20i  and  (ii) 
Herscovici  and  Fibieh'^  have  shown  that  a  model  which 
includes  second-nearest-neiglibor  force  constants  incorpo¬ 
rates  enough  of  the  long-ranged  forces  to  adequa'')ly 
simulate  much  of  the  essential  qualitative  physics  result¬ 
ing  from  those  forces,  With  the  rigid-ion  model  and 
without  the  long-ranged  Coulomb  forces,  the  application 
of  the  recursion  method  is  tractable  and  even  straightfor¬ 
ward. 

In  'he  harmonic  approximation  (using. Dirac  notation), 
the  time-independent  eigenvalue  equation  of  motion  for 
the  displacement  of  the  lattice.  6R>.  is 


<J>  5R>=Jin-‘6R)  . 


(2.1) 


where  the  displacement  in  the  <th  direction  <i  =x,  y,  or  z) 
of  the  bill  atom  (b=:anion  or  cation,  in  the  nth  unit  cell 
(at  R,)  is  (ii,b,i  ;  5R),  and  M  and  are  the  mass  and 
force-constant  matrices,  respectivelj.  Here  we  have  the 
mass  matrix  (in  the  ’  «,6,: )  basis): 


a.6 


i2.2) 


The  force-consiani  matrix,  vanishes 

unless  in,b)  and  in\b*)  refer  to  the  same  atom,  nearest 
neighbors,  or  xccondmearesi  neighbors.  Taking  the  posi¬ 
tion  of  the  6th  atom  in  the  /nh  unit  cell  to  be  R;,  if  b 
refers  to  an  anioii  site  of  the  underlying  zinc-b!-nde  struc¬ 
ture  (Vo=:0),  and  R^-rV^  if  b  refers  to  a  cation  site,  we 
note  that  for  the  zinc-blende  lattice,  we  have 
v^=tu4^/4Hl,i,l)  with  Qi^  being  the  lattice  constant. 
Then  we  have,  for  the  force  constants  between  the  anion- 
site  atom  and  its  nearest  cation-site  neighbor  in  the  same 
unit  cell: 


{n,  anion,  TO;  n.  6*==:cation.  t*)  • 


i 

(z. 


.t>  z) 

a  f}  (i 

a  ct  p 

P  P  a 


(2.3) 


).r 


where  the  rows  and  columns  are  labeled  by  /  and  i‘.  The  values  of  a  anJ  /?  depend  on  the  two  atoms  at  either  end  of  the 
chemical  bond  between  («.b)  and  <n\b'):  for  e.xample,  in  pure  QaSe  we  liave  just  two  parameier.s:  aiGa— Sb/  and 
5(Ga— Sb).  Tlie  other  nearest  neighbors  to  an  anion  atom  at  R.„  arc  in  di.n'ereni  unit  cells,  and  ihe  corrjsponding  force- 
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cot'stant  matrices  are  obtained  by  symmetry  operations,  as  given  in  Appendix  A.  The  sccond-nearc.'.t-neighbor  force' 
constant  matrix  between  the  anion  atom  at  R„  and  i.heoneat  R„'  =  R„-}-(ai./2)( 0.1,1)  is 

|.v)  ly)  \z) 

{x  I  A,  0  0 

C  4 

(n,  h  =  ac.ion;;  f>'=anion, /')  =  (;' I  0  Ha  ' 

I  ’0  Va  /ia  , 


Appendix  A  shows  how  the  force-constant  matrices  for 
other  second  neighbors  are  related  to  Eq.  '2.4);  a  similar 
expression  holds  for  cations,  with  and  v,. 

The  remaining  nonzero  elements  of  the  force-constant 
matrix  are  the  diagonal  elements,  which  follow  frdm  the 
requirement  of  invariance  of  the  equations  under  infini¬ 
tesimal  translation  of  the  crystal: 

=  -  .  (2.5) 

n\b* 

where  the  prime  on  the  summation  indicates  that 
(n',b‘)—in,b)  is  e.xcluded. 

Taking  advantage  of  the  translation-group  symmetry  of 
the  lattice,  we  change  basis  to  Bloch  states: 

j  k,b.»)=:V"*''2  i«.fr.i)e.xp(-/k'(R, -hvi,(j ,  12.6) 

where  .V  is  the  number  of  unit  cells  and  k  lies  in  the  first 
Brillouin  zone.  In  this  Bloch-type  basis  set,  the  equation 
of  motion,  Eq.  (2.1),  can  be  written  as 

(n-i:-e)!6R>=o  (2,7) 

or 

2  I D 1  k,b’.i')Hk.b',i‘  1 5R)  =0  . 

i\b* 

(2.8) 

where  we  have 

ik.b.i[e\k.b‘.r) 

2  (n,b.i  1  <b  in',b',r) 

n* 

Xe.\p[»k-(R„<T-Vft.-R„— vj)] . 

(2.9) 

This  is  the  dynamical  matrix  element  in  the  Bloch-type 
basis  set,  |k,i,/).  The  phonon  dispersion  relation  is 
determined  from  the  secular  equation  (2.7)  or  (2.8),  for  a 
finite  set  of  k  values  in  a  Brillouin  zone.  The  crystal 
eigenstates  are  linear  combinations  of  the  above  Bloch- 
type  basis  states: 

i  k,s )  =  2  <  k,6,/  i  k,s  >  I  k,b,i )  .  (2. 10) 

^.t 

Using  the  first-  and  second-nearest-neighbor  force- 
constant  matrices  given  in  Eqs.  (2.3)  and  (2.4)  [and  those 
in  Eqs.  tA4)  and  <A5)  in  Appendix  Aj,  as  well  as  the  “on¬ 
site  force-constant  matrices”  determined  by  the  relation  in 


Eq.  (2.5),  the  dynamical  matrix  in  the  present  model  is 
con>tructed  as  summarized  in  A.ppendix  B. 

.Numerical  values  for  the  force-constant  parameters  for 
pure  crystals  with  /.inc-blende  structure  can  be  obtai:ied 
by  fitting  the  model  to  experimental  data  at  several  sym- 
me'ry  points  in  a  Brillouin  zone,  and  to  elastic-consiunt 
Jala.  Appendix  C  contains  a  detailed  description  of  the 
fitting  procedure.  .A  tabulation  of  the  resultant  values  of 
the  force-constant  parameters  us  well  as  the  atomic 
masses  may  be  found  in  Table  I  for  GaSb  and  Ge,  and  in 
Ref.  15  for  other  semiconductors. 

2.  Densities  of  nates 

To  obtain  the  densities  of  phonon  .states  for  GaSb  and 
Ge,  we  employ  l(XX)-atom  clusters  and  execute  the  recur¬ 
sion  method  to  51  levels  of  continued  fractions.  These  pa¬ 
rameters  are  found  to  be  necessary  to  obtain  good  repre¬ 
sentations  of  the  densities  of  phonon  states  and  to  produce 
well-converged  spectra.  The  phonon  dispersion  relations 
are  compared  with  available  data,  and  the  densities  of 
states  calculated  by  the  recursion  method  are  compared 
with  those  evaluated  using  the  Lehmann-Taut  method**  in 
Figs.  I  and  2  for  GaSb  and  Ge,**"*^  respectively.  As  one 
can  notice,  the  sharp  Van  Hove  singularities'*  present  in 
the  Lehmann-Taut  densities  of  states  are  absent  from  the 
densities  of  states  obtained  by  the  recursion  method. 
Thus  the  recursion  method  is  limited  to  representing  den¬ 
sities  of  states  of  alhys,  where  the  perfect-cry’stal  Van 
Hove  singularities  are  expected  to  be  blurred  by  the  disor¬ 
der. 


TABLE  I.  Force-constant  parameters  (in  units  of  10* 
dyn/cm)  and  masses  (in  units  of  10"**  g). 


GaSb 

Ge 

a 

-39.525* 

-49.470 

p 

-34.C^» 

-37.159 

K 

4.500* 

5.821 

K 

4.500* 

5.821 

/^a 

-3.697* 

-3.092 

/*c 

-4.467* 

-3.092 

-3.697* 

-3.092 

‘V 

-4.467* 

-3.092 

202.1695 

120.5379 

■Wc 

115.7722 

120.5379 

^Parameiers  for  GaAs  obtained  from  Ref.  22. 
parameters  for  GaSb  as  well. 

We  used  these 
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WAVE  NUMBER  y'icm') 


ENERGY  (meV) 

FIG.  1,  Densities  of  phonon  slates  times  10’*  rad/sec  (top) 
and  phonon  dispersion  curves  (bottom)  for  GuSb.  The  density 
of  states  obtained  by  the  recursion  method  (solid  lino*  is  com¬ 
pared  with  the  one  obtained  by  the  lehmann-Tair  method 
(dashed  line).  The  phonon  dispersion  cu;  /es  are  obtained  using 
the  force-constant  parameters  for  GaSb  from  Table  I  (solid 
lines),  and  are  compared  with  the  infrared  reflection  data  from 
Ref.  23  at  P  point  (circles),  and  with  the  neutron  scattering  data 
from  Ref.  24  (dotted  lines).  The  energies  of  various  phonons  are 
denoted  on  the  density-of-states  figure,  as,  for  example,  LOiL\K 
for  the  LO  phonon  at  the  U  and  K  points  of  the  Brillouin  zone, 
The  symmetry  points  of  the  Brillouin  zone  are  P  =(0,0.0),  L 
=(2ff/Oi)(y.T,T),  ^=(2r/i;i)(  1,0.0),  J/=(2n-/flil(l,T.T). 
and  A'=(2n-/Oi)(7,y,0). 


B.  Alloy  statistics 

In  order  to  tieat  the  phonons  in  these  alloys  in  a  trac¬ 
table  manner,  we  first  need  to  model  the  distribution  of 
the  three  types  of  atoms  on  the  two  face-centered-cubic 
sublatiices.  The  simplest  approach  is  to  view  the  substitu¬ 
tional  alloy  as  a  III-V  compound  with  an  underlying 
zinc-blende  structure,  but  with  the  group-IV  elements 
dispersed  randomly.  If  at  first  we  assume  an  “on-site 
model,’*  the  probability  of  occupancy  of  each  atom  (Ga, 
Sb,  and  Ge)  on  each  nominal  sublatticc  site  (a=anion  site, 
or  c=caiion  site)  is  given  by 

</’Ga>c  =  <^Sb>«  =  l-A-  .  (2.11a) 

(^Sb>c  =  </’Ga>a=0,  (2.11b) 

and 

<PG.:>c  =  <^Ge).=^-  (2.11c) 

Note  that  these  probabilities  allow  ouh  a  limited  type  of 
alloy  clusters:  there  is  zero  probability  that  a  Ga  atom 


ENERGY  la  (rpeV) 

FIG.  2,  Densities  of  phonon  states  times  lO’*  rad/scc  (top) 
and  phonon  dispersion  curves  (bottom)  for  Ge.  The  density  of 
states  obtained  by  the  recursion  method  (solid  line)  is  compared 
with  the  one  obtained  by  the  Lehmann-Taut  method  (dashed 
line).  The  phonon  dispersion  curves  are  obtained  in  the  present 
model  (solid  lines^,  and. are  compared  with  the  neutron  scatter¬ 
ing  data  from  Ref.  25  (doited  lines). 


will  sit  ne.M  to  a  Ga  atom,  for  example-— there  are  no  an- 
lisite  defects  such  as  a  Ga  atom  on  an  Sb  site,  and  hence 
no  Ga—Ga  or  Sb— Sb  bonds. 

Missing  from  the  probabilities  in  Eqs.  (2,1  la)-(2.1  Ic)  is 
the  idea  of  Newman  et  which  postulates  that 
(GaSb)|_;5(Ge2);c  [like  (GaAs)|_;c(Ge2);c]  undergoes  a 
phase  transition  as  a  function  of  alloy  composition  x  from 
a  zinc  blende  to  a  diamond  uruciurc.  They  define  an  or¬ 
der  parameter  M  which  is  nonzero  in  the  zinc-blciide 
phase  and  is  zero  in  the  diamond  phase  *since  there  is  no 
distinction  between  “anion”  and  “cation”  in  the  diamond 
structure): 

^V/  =  ((Poa>c-<^Ga>a  +  <Psh).-<^Sb>cV2.  (2.12) 

If  we  assume,  for  simplicity,  that  Ge  occupies  both  types 
of  sites  with  equal  probability  ((/’Ge)c  =  ^^Ge)<i)> 
also  that  nominal  zinc-blende-lattice  sites  are  occupied  by 
one  of  the  three  types  of  atoms,  then  we  have  simply 

M  =  (PgJc-(PqJc 

^(Psu)a-(PsOc-  (2.13) 

This  order  pa*‘ameier  can  lake  on  all  the  values  from 
;c  —  1  to  1  —  jc;  If  all  the  Ga  atoms  occupy  nominal  cation 
sites,  then  we  have  M  =  1  — x;  if  the  (3a  atoms  are  dis¬ 
tributed  evenly  over  nominal  cation  'ites  and  nominal 
anion  sites,  then  we  have  M  =0;  if  all  :he  Ga  atoms  are 
on  the  nominal  anion  sites,  then  we  ha\e  M  =a  —1;  and 
if  we  ha\e  |  M  ^  1  — .x,  then  s>orne  amons  and  cations  are 
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found  on  nominally  "wrong**  sublauice  sites.  The  average 
occupancies  of  Ga,  Sb,  and  Ge  a{on;s  on  nominal  cation 


'tes  c  ‘ind  on  nominal  union  sites 
’  unsition  medel  arc  summarized  as 

a  in  the  phase- 

(2.14UI 

(2.l4bi 

(/’sh>,=il-.v-.V/)/2. 

i2.14c) 

(Psh)a  =  ''l-.v+A/)/2  . 

t2.14d) 

and 

(2.l4e) 

The  order  parameter  iV/(,v)  is  determined  within  a  mean- 
field  approximaiior  as  the  solution 

;V//(l-.x)  =  tanh[,V//(I-.Vcl]  .  (2J5) 

where  the  plmse-lransiiion  composition  is  exiracicd 
from  data.  We  use  X;=0.3  as  is  suggested  by  both  the 
oprcal  absorption*  urd  the  x-ray  diffraction  daia.^  We 
note  ihaf  the  probilMliiies  of  atomic  distribution  in  the 
un-site  model.  Eqs.  .2.1  Ic),  can  be  obtained  sim¬ 

ply  from  the  phase-transition  model  probabilities,  Eqs, 
i2,14a)-l2.14e),  by  replacing  .V/ with  1  -.v. 

It  should  be  emphasized  that  the  present  calculations 
are  based  on  the  phase-transition  theory  of  the  alloy  as 
evaluated  in  a  mean-field  approximation.  To  be  sure,  the 
mean-field  approximation  is  not  exact  and  an  improved 
iheor>  rttay  be  needed  as  the  data  for  (GaSb)j*.^(GeO;j  are 
refined,'*  Indeed  Holloway  and  Davis"^  have  recently 
suggested  an  uliernuti\e  model  of  the  similar  alloys 
(GaAs}»^,,(Gej);i  in  which  they  forbid  the  formaiioii  of 
As— As  and  Ga-Ga  bends- -and  hence  fc'bid  the  order- 
disorder  phase  transition.  Their  model  assumes  that  the 
zinc-blende-diamond  transition  is  percolative  in  nature, 
i.e.,  the  transition  is  assumed  to  be  controlled  by  geometry 
alone,  with  a  transition  composiiior,  characteristic  of  a 
site-diluted  diamond  lattice,  5.“'*  Thus  their  model 
does  not  either  include  differences  in  Mustering  that  can 
arise  from  different  growth  techniques  or  allow  for 
temperature-dependent  growth.  (For  example,  the  restric¬ 
tion  of  eliminating  Ga— Ga  and  As— As  bonds  forces  the 
probability  of  finding  a  Ga— Ge  bond  to  be  idenli  il  to 
the  probability  of  finding  a  Ge-As  bond.)  Given  the 
dependence  of  Ge4x  electronic  structure  on 

growth  conditio  .s  seen  e.vperimentally.*  and  the  ex¬ 
istence  of  x-ra>  diffraction  data  supporting  the  idea 
of  a  z'nc-blende -diamond  phase  transition  for 
^GaSb)i_;i(Ge2).,/  we  elect  to  concentrate  here  on  the 
model  which  contains  »hose  features.  We  do.  however, 
siudv  *he  difference  in  phonon  densities  of  stato  obtained 
between  dUtributi,  u  given  by  Eqs.  (2.11a)— id.Ilo  and 
Eqs.  (2.14a)-(2.l4e). 

C.  Force  constants 

Based  on  the  atomic  distributions  defined  in  Eqs.  (2.11) 
and  i2.14t  above,  we  generate  a  1000-aiom  cluster  fusing  a 
random  number  generaior>  in  which  the  distribution  of 
masses  is  given  either  by  Eqs.  *2.na)-(2.l  Ic)  for  the  case 


of  M  =  1  -.X,  or  by  Eqs.  i2.i4a/  •  2,14e)  for  the  case  of  M 
deie.nnmed  by  the  nean-field  theory  uuh  the  occurrenc: 
of  the  phase  tran -(ion  at  .Xc=0.3.  Using  the  force- 
constant  parameter'^  for  parent  compour.v's  in  I'able  I,  the 
firM-nearesi-neigh*'(>r  force  constants  a  for  the  six  possi¬ 
ble  pairs  of  firsi-neighhoring  atoms  in  <GaSb)|^^(Ge,);c 


are  given  by 

a((GaSb)j^x^^^*:lx»Ga— Ga)=a(GaSb) ,  (2.16a) 

a((GaSb)j^.,(Go>).,;Sb-Sb)=a(GaSb) .  (2.16b) 

a((GaSb)j_;5(Ge2f^;Ge— Ge)=a(Ge)  ,  (2.16c) 

a({GaSb),_^(Ge>),,;Ga-Sb):=:a(GaSb) .  (2.16d) 

a  ( i  GaSb)  I  I  Gei  i,, ;  Ga-Ge ) 


==(l-.x)a(GaSb)-b.xa(Ge) ,  (2.l6e) 

a((GaSb)|«,x{Gei  )^,;Sb— Ge) 

=(  1  -,x)a(GaSb)4-.xa(Ge) ,  (2.160 

Wc  the  same  relations  for  p  for  these  paii.v  of  atoms. 
The  second-nearest-neighbor  force  constants  k  foi*  six  pos¬ 
sible  pairs  of  second-neighboring  atoms  are  given  by 

/.({GaSbli^jjiGeO^x’iGa— Ga)=A^iGaSb) ,  l2.Pa) 

A((GaSb>|^,y(GeO,x;Sb— Sbl  —  AgiCaSbl ,  *2,l7b) 

A((GaSbli^.,(Ge;)j5;Ge-Ge)=A(Ge) .  12.17c) 

AdGaSbJi^^fGeif^lGa— Sb) 

=  (Af(GaSb)-rAa(GaSb)]/2 .  (2.17d) 

a(  ( GaSb)|  _  ^  ( Gei),^ ;  Ga— Ge) 

=1 1  — .x.'A^(GaSb)4-.xA(Ge) .  (2.17e) 

A(lGaSb)i_5*Ge2  ).,;Sb— Ge) 

=:(l-.x)Afl{GaSb)-f,xA.(Gcl .  (2.170 

We  use  the  same  r  nations  for  the  other  second-nearest- 
neighbor  force  constants  and  \ ,  for  these  pairs  of  atoms. 


D.  Outline  of  the  calculation 

The  *ocal  density  of  states  rfiR;fi)  in  a  disoro^red  sys¬ 
tem  depends  sensitivelv  on  the  local  atomic  environment. 
To  obtain  the  total  densities  of  stales  we  sum  over  an  en¬ 
semble  of  local  densities  of  states  as  follows,  vi)  A  specific 
five-atom  minicluster  generated,  e.g.,  a  central  Ga  atom 
surrounced  by  two  As,  one  Ga.  and  one  Ge,  for  the  center 
of  the  1000-atom  cluster;  *  the  probability  pi.x)  of  this 
»'Iuster  x'curring  in  an  allov  with  composuio  x  is  deter¬ 
mined  »see  Appendix  D);  (iii)  the  remaining  atoms  are 
added  with  the  probability  for  each  atom  as  defined  in 
Eqs.  (2.na)-(2.11c)  or  Eqs.  (2.14a)-{2.14e);  and  (iv)  the 
meal  density  of  states  computed  by  the  recursion 
method  at  the  centra!  site  of  the  miniclusier  embedded  in 
its  alloy  environment  of  the  995-atom  cluster.  The  pro¬ 
cess  is  repeated  for  wli  possible  imniclusters,  each  embed¬ 
ded  in  the  995-atom  cluster.  The  total  density  of  slates 
per  un»i  cell  is  then 
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Z)(n:(GaSb),^,(Ge2),)=  .  <'2-»8) 

K 

where  the  sum  Is  over  all  possible  miniclusters,  and 
and  />„  are  the  local  density  of  states  and  the  probability 
of  occurrence  of  the  A'th  minicluster,  respectively. 

In  addition  to  the  densities  of  states  by  the  recursion 
method  for  the  above  two  types  of  disorder,  we  also  ob¬ 
tained,  for  comparison,  (i)  the  den>ities  of  states  for  the 
virtual-crystal-approximation  alloy  as  well  as  (ii)  the  den¬ 
sities  of  phonon  states  in  the  persistent  appro.ximation,''’ 
which  is  a  linear  superposition  of  the  densities  of  states  of 
GaSb  and  Ge; 

D(fl;(GaSb),_^(Ge2),)=(l-x)Z)(ft;GaSb)-i-.x2)(n:Ge) . 

(2.19) 

In  the  following  section,  we  discuss  our  results  for  the 
densities  of  phonon  states  and  interpret  available  Raman 
data  for  (GaSb),_j,(Ge2),.‘'^ 

WAVE  NUMBER  X"'  (cm’') 


0  100  200  300 


ENERGY  Hil  (meV) 

FIG.  3.  Densities  of  plionon  states  for  fGaSb'i.jj(Gc2)ji  alloys 
obtained  by  the  recursion  method  .r*  the  case  of  M  =  1  — .v  (solid 
lines),  along  with  density  of  states  obtained  using  the  virtual 
crystal  approMin' tion  for  .x  5=0.5  (dashed  linei.  The  assign¬ 
ments  '  ven  to  pro.iiinent  peaks  represent  bonds  that  are  respcm 
sible  for  the  vibrations  giving  rise  to  the  peaks  (see  te.xt). 


III.  RESULTS  AND  DISCUSSION 
A.  Spectra 

In  Fig.  3  we  display  the  calculated  densities  of  states  for 
various  alloy  compositions  in  the  case  of  the  on-site 
model,  i.e.,  the  model  with  M  =  1  -.v,  as  well  as  the  densi¬ 
ty  of  stales  obtained  by  the  virtual-cry.stal  appro.ximaiion 
for  .x=0.5.  In  this  llgure,  we  can  see  that  the  virtual- 
crystal  appro.ximation  yields  a  single  ‘‘amalgamated”-'* 
optic  band.  Thus,  this  approximation  does  not  reproduce 
the  two-mode  s-ehavior  for  the  optic-phonon  spectrum  e.x- 
pected  of  semiconducting  mixed  crystals:  two  sets  of 
long-wavelength  optic  phonons  that  are  each  energetically 
close  to  those  of  the  parent  compounds,  GaSb  and  Ge. 
We  conclude  that  the  virtual-crystal  approximation 
should  not  be  used  to  describe  phonons  in  these  materials. 

Figure  4  shows  the  densities  of  states  calculated  for  the 
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FIG.  4.  Densities  of  phonon  states  for  (GaSb)|«,<Ge: >  alloys 
obtained  by  the  recursion  method  m  the  case  of  M  u.nermiiied 
by  mean-field  theory  (solid  lines),  along  wuh  density  of  states 
obtained  udng  the  pcrsiNteni  approxin\;:ion.  Eq.  -2.19),  fur 
a:  =0.5  (dashed  line).  Tne  assigi«ments  given  to  prominent 
peaks  represent  bonds  that  are  respoiisiole  for  the  vibrations  giv¬ 
ing  rise  to  the  peaks  (see  text). 
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case  of  M  determined  by  (he  phase-transition  model  in  the 
mean-field  approximation,  as  well  as  the  [  ‘rsisieni  spectra 
(Eq.  (2.|9)j  for  .x=0.5.  The  persistent  ipproximation  is 
capable  of  describing  at  ^easl  two  optic  bands  originating 
fn^m  the  parent  compounds,  although  it  does  not  include 
aPoy  modes,  which  are  characteristic  vibrations  of  various 
ai<jmic  arrangements  in  alloys  that  do  not  exist  in  ,iie 
parent  compounds  ^e.g..  characteristic  vibrations  of  an  Sb 
atom  surrounded  by  three  Ga  atoms  and  one  Ge  atom). 
This  approximation  reems  to  work  well  for  quasibinary 
alloys,  such  as  Af^Guj^.^As  (Ref.  14).  where  the  substitu¬ 
tional  disorder  is  limited  to  the  atomic  arrangements  on 
one  of  the  two  face-centered-cubic  sublattices:  in  this 
case,  deviations  of  the  recursion  spectra  from  the  per¬ 
sistent  'ipectra  are  relatively  minor  and  can  be  ;asly  at- 
iributui  to  the  alloy  modes.  However,  in  the  evse  of 
tGaSb)j«^(Ge:)^^  alloys  (see  Fig.  4),  there  seems  to  be  a 
major  difference  between  the  persistent  spectrum  (dashed 
line)  and  the  recursion  spectrum  (solid  line).  This  obvi¬ 
ously  indicates  a  higii  degree  of  disorder  on  both  sublat- 
lices,  which  gives  ri»e  to  many  different  types  of  alloy 
modes,  and  therefore  to  a  variety  of  peaks  in  the  density- 
of-states  spectra. 

To  see  how  the  different  types  of  disorder  affect  the  vi¬ 
brational  densities  of  states,  we  compare  the  recursion 
spectra  obtained  from  the  atomic  distributions  defined  in 
Eqs.  (2.11a)-(2.11c)  and  Eqs.  (:.14a)-(2.14e).  The  differ¬ 
ence  between  these  two  models  is  the  type  of  disorder:  in 
one  case  (the  on-site  model  of  Eqs.  (2.1  la)-(2,l Icl],  we 
set  the  order  parameter  St  equal  to  1  —  ,x  and  have  no  '‘an¬ 
tisite  defects'*  such  as  Sb  on  a  nominal  Ga  site,  while  in 
the  otl  T  case  (the  phase-transition  model  of  Eqs. 
(2.14a)-  2. 14e)],  the  order  parameter  is  determined  by 
mean-field  theoi^  and  aniisiie  defects  occur  in  relatively 
high  concentrations.  The  local  densities  of  states  obtained 
by  the  recursion  method  for  each  central  atom  in  each 
configuration  of  the  five-atom  miniclusiers  are  useful  in 
identifying  the  origin  of  peaks  in  the  total  density  of  vi¬ 
brational  modes.  Each  of  the  statistically  independent 
configurations  of  the  miniclusters  contributes  to  charac¬ 
teristic  peaks  in  the  density  of  states.  We  find,  however, 
that  it  is  most  convenient  to  associate  different  contribu¬ 
tions  to  the  densities  of  states  with  various  “bonds’*  rather 
that  with  entire  miniclusters.  In  his  scheme,  we  have 
four  different  types  of  bonds  for  the  on-site  case  of 
Si  =  I  —a::  Ga— Sb,  Ga— Ge,  Ge— Sb,  and  Ge— Ge;  and 
two  additional  ones  for  the  case  of  M  determined  by 
mean-field  theory  Ga— Ga  ind  Sb-Sb.  We  concentrate 
on  the  optic  region  since  the  optic  modes  are  sensitive  to 
local  atomic  order  and  thus  exhibit  interesting  disorder  ef¬ 
fects. 

In  the  densities  of  states  calculated  with  St  =  I  — .x  (Fig. 
3),  we  note  the  existence  of  some  structure  in  each  of  the 
two  main  optic  bands.  The  optic  band  at  the  higher  fre¬ 
quency  is  “Ge-like**  and  increases  in  intensity  with  in¬ 
creasing  alloy  composition,  x,  and  the  optic  band  at  the 
lower  frequency  is  ‘*GaSb-lil;e*’  and  decreases  in  intensity 
as  -X  increases.  Both  longitudinal  and  tr^sverse-acoustic 
bands  gradually  change  in  positions  and  intensities  on  go¬ 
ing  from  GaSb  to  Ge.  The  structures  in  the  main  optic 
bands  are  assigned  to  vibrations  of  various  bonds  as 


shown  in  Fig.  3. 

The  impurity  (local)  mode  at  —270  cm"^  for  x  =U.  1 
result.s  mainly  from  \ibrations  of  Ga— Go  bonds.  Vibra¬ 
tions  of  Ge— Go  bonds  also  produce  modes  near  this  fre¬ 
quency;  as  the  alloy  composition  .x  increases,  the  Ga— Ge 
and  Ge-Ge  vibrations  gradually  evolve  to  form  the  Ge- 
like  optic  band.  At  .x;i;0.7  this  Ge-like  optic  band  is 
composed  mostly  of  vibrations  of  Ge-Ge  bonds. 

The  GaSb-like  optic  bund  at  .x  =0. 1  retains  most  of  the 
fe.;’ures  of  pure  GaSb,  and  thus  the  highest  peak  corre¬ 
sponds  to  the  zone-bcundary  TC  phonons  (such  as  the 
transverse-optic  modes  at  the  X  and  L  points  of  the  Bnl- 
louin  zone,  denoted  TO:Y  and  TO:L)  and  the  shoulder  at 
-220  cm“*  corresponds  to  the  zone-boundary  LO  pho¬ 
nons  (such  as  LO\U,K).  (These  can  be  interpolated  from 
the  k-.space  assignments  for  GaSb  in  Fig.  1.)  As  alloy 
composition  increases,  vibrations  from  Ge-Sb  bonds  take 
part  and  smooth  the  shape  of  the  GaSb-like  optic  band. 
And  at  .x~0.7  the  modes  from  Ga-Sb  and  Ge-Sb  bonds 
become  highly  degenerate  with  the  nearby  nv'des,  and  the 
density  of  states  retains  most  of  the  features  v  f  pure  Ge. 

The  densities  of  states  with  M  determined  by  the 
mean-field  theory  (Fig,  4)  show  much  richer  structure 
than  those  with  Si  =  1  -.x.  At  ;x  =0. 1.  in  addition  to  the 
mostly  GaSb-like  featires,  we  can  see  two  new  peaks. 
These  are  impurity  modes:  the  peak  at  —270  is 
mainly  composed  of  vibrations  of  Ga— Ga  (and  also 
Ga— Ge)  bonds,  and  the  peak  at  —195  cm*"^  is  due  to 
Sb-Sb  bonds. 

As  i.Moy  composition  increases,  vibrations  of  Ge-Ge 
bonds  talv.)  part  in  the  Ge-like  optic  band,  and,  c.iong  with 
the  vibrations  of  Ga— Ga  and  Ga— Ge  bonds,  broaden  this 
optic  band  in  the  range  0.3<.x<0,5.  In  the  GaSb-like 
optic  band  for  0.3<.x  <0.5,  however,  although  the  vibra¬ 
tions  of  Ge-Sb  bonds  as  well  as  Ga— Sb  bonds  coninbute 
to  the  band,  the  Ga— Sb  plus  Ge— Sb  hne  shape  in  Fig.  4 
appears  narrower  than  the  corresponding  peak  in  Fig.  3, 
because  of  the  speci.al  distribution  of  the  modes. 

The  Sb— Sb  peak  is  significant  in  the  theory  for  .x  =0. 1 
and  0.3,  but  ther  it  decreases  in  intensity,  and  is  indistin¬ 
guishable  from  nearby  modes  for  .x>0.5.  Presumably 
this  occurs  oecause  the  number  of  Sb-Sb  bonds  rapidly 
decreases  as  alloy  composition  increases.  As  in  the  case  of 
*V/  =  I  — X  (for  which  there  are  no  Sb-Sb  bonds  or  peaks), 
the  density  of  states  retains  most  of  the  features  of  pure 
Ge  for  .X  >0.7. 

We  now  make  a  comparison  with  data.  In  Figs. 
5(a)-9(a),  we  display  Raman  spectra  obtained  by  Krabach 
et  al^  and  Beserman  et  a/.,’  along  with  the  densities  of 
states  for  the  case  of  .V/  determined  by  mean-field  theory 
(Figs.  5(b)-9(b)],  and  for  the  case  of  iV/  =  l-.x  [Figs. 
5(c)-9(c)].  In  comparing  our  results  with  Raman  data, 
we  recognize  that  the  experimental  quantities  depend  on 
the  transition  matrix  elements  (involving  electronic  states) 
as  well  as  on  the  densities  of  phonon  stales,  and  that  the 
Raman  lines  are  a  subset  of  the  densiiy-of-$tates  spectra. 
In  particular,  for  certain  expenmental  geomeines  and 
light  polarizations,  in  the  case  of  pure  semiconducting 
compounds,  many  Raman  matnx  elements  are  expected  to 
vanish  because  of  selection  rules:^^’^^  for  example,  pho¬ 
nons  excited  by  light  scattering  have  k=s0.  These  selec- 
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^tion  rules  are  broken  in*  alloys:*  certain  niodes  are  ‘‘disorder 
activated*’  and  appear  in  the  Raman  spectra.  Every  mode 
thai  appwrs  in  a  Raman  spectrum  should  also  appear  in 
the  density  of  phonon  states,  although  the  strength  of  the 
mode  can  be  quite  different  in  the  Raman  and  density-of* 
states  spectra. 

Another  caution  should  be  taken  while  comparing  the 
calculated  densities  of  states  with  the  data:  The  peak  po¬ 
sitions,  as  well  as  the  peak  motions  as  a  function  of  alloy 
composition,  are  not  accurately  reproduced  in  the  present 
calculations.  These  numerical  inaccuracies  are  due  to  the 
neglevl  of  long-ranged  Coulomb  forces  and  due  to  the  use 
of  the  rigid-ion  model.  Even  with  these  limitations,  by 
mentally  shifting  or  broadening  the  calculated  densities  of 
states  by  an  amount  comparable  with  the  differences  be¬ 
tween  the  theory  and  the  data  for  crystalline  GaSb  or  Ge, 
the  present  calculations  can  be  used  to  identify  the  princi¬ 
pal  spectral  features  and  to  associate  them  with  vibrations 
of  specific  bonds. 

Since  the  Raman.  spectra  depend  on  the  densities  of 
phonon  states  as  well  as  the  Raman  matrix  elements,  the 
effects  of  disorder  on  the  Raman  spectra  are  manifested 
in  two  ways:  (i)  new  features  in  the  densities  of  states, 
caused  by  various  alloy  modes  which  do  not  e.xist  in  the 
persistent  spectra,  may  contribute  to  the  Raman  spectra; 
and  (ii)  due  to  a  breakdown  of  the  selection  rules,  certain 
modes  which  are  not  normally  observed  Jn  the  Raman 
spectra  of  pure  compounds  (such  as  acousiic  modes  and 
zone-boundary  optic  modes),  as  well  as  some  of  the  new 
alloy  modes,  become  Raman  acii\e.  The  alloy  modes  are 
likely  responsible  for  the  broad  linewidths  observed  m  the 
data  of  Krabach  et  aL^  and  Beserman  et  alJ  To  demon¬ 
strate  this,  we  compare  the  Raman  spectra  with  the  densi¬ 
ties  of  states  in  our  two  models.  As  mentioned  earlier,  the 
major  difference  in  our  two  models  is  in  the  type  of  disor¬ 
der  allowed — the  simpler  on-site  model  (with  M  = 
does  not  include  vibrational  modes  caused  by  antisite  de¬ 
fects  in  the  form  of  Ga— Ga  bonds  or  Sb— Sb  bonds,  We 
examine  the  spectra  in  the  regions  (i)  .t<0.  15  (ii) 
0. 15<;:  <0.75,  and  (iii)  x  >0.75  below. 


/.  x<0JS 

Since  the  Ge-atom  concentration  is  very  low  in  this  re¬ 
gion,  the  density-of-states  spectra  for  x  =0.13,  shown  in 
Figs.  5'b)  and  5^c),  retain  most  of  the  feaiures  found  in 
GaSb.  A  new  feature  is  the  impurity  (local)  mode  around 
270  cm**,  which  is  due  to  the  vibrations  of  Ga-Ga  and 
Ga— Ge  bonds  for  the  spectrum  in  Fig.  5(b),  and  is  mainly 
due  to  the  vibrations  of  Ga-Ge  bondilor  the  spectrum  in 
Fig.  5(c),  as  discussed  earlier. 

In  the  Raman  spectrum  of  Fig.  we  note  that  the 
Ge-like  LO  mode  at  -260  cm**  exhibits  a  linewidih  that 
is  relatively  broad  compared  with  that  of  typical  impurity 
modes  in  quasibinar\  III-V  alloys.  A  comparison  with 
our  calculated  densities  of  stales  indicates  that  il  s  feature 
could  result  from  the  vibrations  of  Ga  atoms,  within 
Ga— Ge  bonds  or  Ga— Ga  bonds,  which  would  gi\e  rise  to 
a  broader  linewidth  than  could  be  obtained  from  G»‘-Ge 
bond  vibrations  only. 
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FIG  5.  (a)  Raman  spectrum  for  tG.iSb)Qji:tGe:/oo  ff^^ 
Refs.  6  and  7;  fb)  calculated  densit>  of  phonon  states  for  the 
same  alloy  obtained  by  the  recursion  method  in  the  case  of  M 
determined  by  mean-field  theory;  and  (c  calculated  densii\  of 
states  in  the  case  of  ,V/  =  1  -.x. 


Even  at  this  low'  value  of  alloy  contposition,  we  notice  a 
slight  asymmetry  in  the  line  shape  of  the  GaSb-like  LO 
mode  in  the  data.  We  speculate  that  ih's  feature  can  be 
attributed  to:  (i)  the  disorder-activated  zone-boundary  LO 
phonons  of  GaSb,  which  produce  a  shoulder  around  220 
cm**  in  the  densities  of  states  in  Figs,  5(b)  and  5(c);  or  (ii) 
a  long-wavelength  GaSb-like  TO  mode  resulting  from  the 
“leakage**  due  to  a  slight  deviation  from  a  perfect  back- 
scattering  geometry.  It  wa.-;  indicated  in  Ref.  7  that  this 
w'eak  shoulder  is  due  to  the  long-wavelength  GaSb-like 
TO  mode,  for  .\*  <0.1.  B  ih  rniuics.  howevdr,  could  coe.v 
isL  discriminating  between  the  i  %o  possibilities  is  diffi¬ 
cult.  because  of  the  wcaknes.  of  the  feature  Uixolved. 

The  long  tail  in  the  frequenej  range  between  -190 
cm*'  and  —210  cm**,  e\ideni  in  the  data,  may  ha\e  re¬ 
sulted  fr^pn  disorder-acii\ated  \iorational  modes  of 
Sb  -Sb  bonds  [the  peak  around  195  cm'^  in  Fig.  5tbi]. 
Note  that  a  gap  is  predicted  i  this  frequency  range  by  the 
on-site  model  [Fig.  5(c)].  How,  er,  the  density  of  states 
of  ih»-  on-siie  model  with  M  -- 1  -  a  could  produce  nearly 
the  same  fifed-g^p  feature  as  .seen  in  doth  the  data  and 
the  phaStt-tiransiuon  model  [Fig.  5tbi].  after  a  slight 
broadening  of  the  GaSb-like  optic  band.  Therefor,,  one 
cannot  stale  unambiguous!)  from  comparing  the  theory 
and  data  of  Fig.  5  whether  or  not  Sb— Sb  bonds  are  sig¬ 
nificant  in  the  obser\ed  "  iman  spectrum.  Nevertheless, 
the  comparison  of  theory  with  data  in  Fig.  5tb)  stroi  gly 
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suggests  that  Sb-  Sb  bonds  arejikely  present  in  significant 
numbers,  and  casts  doubt  on  a-'  Mcr  conclusion  to  the 
contrary  (which  liad  assumeu  that  b-Sb  bonds  would 
produce  a  sharp  Raman  peak).’ 

2.  0JS<x<0.75 

Figures  6-8  show  the  data  for  x  =0.24,  0.34.  and  0.56, 
respectively,  along  with  the  densities  of  states  obtained  by 
the  two  different  models:  on-site  and  phase-transition. 
The  two  main  peaks  in  the  data  e.xhibit  broad  linewidths: 
the  total  widths  fiv  alloy  composition  x  =0.34  are  ~38 
cm“*  for  the  GaSb-like  LO  mode,  and  ~35  cm"’  for  the 
Ge-like  LO  mode,  .•\symmetry  in  these  peaks  is  also  evi¬ 
dent.  In  addition,  a  disorder-activated  longitudinal- 
acoustic  mode  (DALAI  is  observed  in  the  data  at  —150 
cm"'  and  this  identification  is  supported  by  the  theory. 

The  highest  energy  peak  is  associated  largely  with  Ge 
vibrations,  and  is  broad  because  Ga-Ge  and  Ga-Ga  (for 
the  phase-transition  model)  bonds  contribute  as  well  as 
Ge-Ge  bonds.  The  lower  peak  is  a  combined  Ga-Sb  and 
Ge-Sb  vibration  with  a  low-energy  shoulder  associated 
(in  the  phase-transition  model)  with  Sb-Sb  bonds.  Note 
that  the  widths  of  the  two  main  peaks  are  larger  in  the 
phase-transition  model  than  in  the  on-site  (iV/  =  l-.v) 
model  because  of  the  additional  modes  due  to  Sb-Sb  and 
Ga-Ga  bonds.  We  shall  see  below  that  the  systematic 
trends  in  these  widths  lend  additional  support  to  the 
phase-transition  model. 
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FIG  6  Raman  spectrum  for  (GaSb)u7ft\Gei)o24  from 
Refs  6  and  calculated  density  of  phonon  states  for  the 
same  alloy  obtained  by  the  recursion  method  in  the  case  of  M 
determined  by  mean-field  theory,  and  calculated  density  of 
states  in  the  case  of  iV/  =  I  — ;c. 
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FIG.  7.  (a)  Raman  spectrum  for  iGaSbIf  ^6lGeJ)aJ4  from 
Refs.  6  and  7|  (bl  calculated  density  of  phonon  states  for  the 
same  alloy  obtained  by  the  recursion  method  in  the  case  of  M 
determined  by  mean-field  theory;  and  (c)  calculated  density  of 
states  in  the  case  of  A/  =  I  — .r. 


i.  x>0J5 

Figure  9  shows  t!ie  data  for  x  =0.8  along  with  the  den¬ 
sities  of  stales  obtained  by  the  two  different  models.  We 
note  that  the  densities  of  states  retain  most  of  the  features 
of  Ge  (Figs.  9(b)  and  9(c)],  and  that  the  impurity  modes 
due  to  Ga  and  Sb  atoms  are  not  distinguishable  from  the 
zone-boundary  phonon  modes  of  Ge  (such  as  LO:Af, 
which  is  degenerate  with  LAiX,  and  LO:L).  This  is  con¬ 
sistent  with  the  data  (Fig.  9(a)),  in  which  the  GaSb-like 
LO  mode  is  no  longer  detectable  for  x  >0.75. 

B.  Alloy  dependence  of  linewidths  and  entropy 

In  these  alloys  for  0.05 <.x  <0.95  the  phonon  Raman 
linewidths  are  due  primarily  to  disorder,  and  not  to  damp¬ 
ing.  For  e.xample,  the  Ge-like  LO  mode  (or  Ge— Ge  bond 
vibration)  is  nearly  degenerate  with  vibrational  modes  of 
the  Ga— Ge  and  Ga— Ga  bonds,  because  Ge  and  Ga  have 
similar  masses.  These  Ga-re!ated  modes  arise  in  the  alloy 
and  give  the  appearance  of  broadening  the  Ge-like  LO 
mode.  Thus  Che  alloy  linewidth  is  due  primarily  to  inho¬ 
mogeneous  broadening  by  disorder-related  alloy  modes. 

The  linewidths  in  the  phase-transition  model  appear 
broader  than  those  in  the  on-site  model  iFlgs.  3  and  4),  be¬ 
cause  of  the  presence  of  the  additional  modes  associated 
with  antisite-defect  Ga— Ga  and  Sb— Sb  bond  vibrations. 
Thus  the  alloy  dependence  of  the  Raman  linewidths 
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FIG.  8.  (a)  Raman  specirum  for  (GaSb)ft,44(Gei)o56  from 
Rc^s,  6  and  7;  (b)  calculated  density  of  phonon  states  for  the 
same  alloy  obtained  by  the  recursion  method  in  the  case  of 
determined  by  mean*field  theory;  and  (c)  calculated  density  of 
slates  in  the  case  of  iW  =  1  — 
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FIG.  9,  (a)  Raman  spectrum  tor  (GaSb>f,,;f,(Gej#ftMi  from 
Refs,  6  and  7;  (b)  calculated  density  of  phonon  states  for  the 
same  allo>  obtained  b\  the  recursum  method  m  the  case  of  M 
determined  b>  me^n-field  theorv,  and  ‘c*  calculated  densit)  of 
states  in  the  case  of  A/  ==  I  -.v. 


should  be  a  good  indicator  of  whether  such  antisiie  de* 
fects  are  present  in  significant  concentrations. 

The  observed  Raman  peaks  are  due  to  a  superposition 
of  nearly  degenerate  modes  and  (according  to  the  theory) 
would  be  highly  structured  in  the  limit  of  zero  broadening 
and  anharmoniciiy.  Therefore  it  is  difficult  to  define 
theoretically  which  substructures  of  a  peak  should  be  con¬ 
sidered  part  of  that  peak  when  computing  the  peak*s 
linewidth.  Moreover  the  present  theory  does  not  include 
either  Raman  matrix  elements  or  l^%*  effects  of  anharmon- 
icity  and  broadening— making  it  impractical  to  define  and 
_ _ _ I 


predict  quantitati\el>  linewidths  corresponding  the  ob¬ 
served  Raman  peak  widths,  Hence  we  seek  a  sciniquanii- 
laiive  measure  of  the  linewidths  in  terms  of  the  entropy, 
which  can  be  compared  with  the  data. 

Qualiiaiivelj  the  composite  linewidth  of  the  Ge-hke  LO 
mode  and  its  adjacent  alloy  modes  will  bt  maximum  when 
the  disorder  is  maximum.  In  other  words,  the  linewidth 
qualitatively  reflects  the  disorder  or  entropy  of  the  alloy. 
To  illustrate  this  point,  we  compare  in  Fig.  10  the  entropy 
per  site**  as  a  function  of  .x  calculated  in  the  phase- 
transition  model  using  mean-field  theor\i; 


S(x)/ka  =  <PGa  >cln</’Ga  )c  +  <  >c  +  )MPo.)c 

=  [(  1  +A/)/2]ln[(  1  -x  +  A/)/2] +[( 1  -x  -M)/2]\n[{  1  -a:  -M)/2]  -hA:ln(.f )  .  (3.1) 


with  the  Raman  linewidths  of  Ref.  7.  Here  is 
Boltzmann’s  constant.  Note  the  ki.ik  in  the  data  [Fig. 
10(a)]  near  .x:^0.3  for  both  the  GaSbdike  and  the  Gc-hke 
LO  modes.  Furthermore,  the  width  of  the  Gc-!ike  LO 
mode  has  an  x  dependence  similar  to  that  of  the  entropy 
of  the  phase-transition  model  [Fig.  10(a)].  (The  GaSb-like 
LO  mode  for  x  >0.3  merges  with  the  mostly  Ge  modes 
of  Figs.  3  and  4  cannot  be  separated  from  the  other 
modes,  and  hence  a  similar  comparison  of  its  linewidth 
with  entropy  cannot  be  made.) 

For  comparison,  w^e  also  show  in  Fig.  10(b.'  .i.e  corre¬ 


sponding  entropy  per  site  computed  for  the  phase- 
transition  model  with  =0.2  and  0.7,  respecti\el\,  and 
the  entropy  per  site  for  the  on-site  model  with  no  pha^e 
transition: 

5(.x)/A:6'  =  (1— .x)-r.v  In(.v) .  (3.2) 

Only  the  entropy  of  the  phase-transition  model  with 
-i0.3  has  a  kink  and  a  mu/^A^um  at  the  .same  composi¬ 
tion  as  the  maximum  Raman  liue^^idth. 

In  the  absence  of  a  phase  transiiion,  tlr^e  entropy  is  a 
maximum  at  the  composition  x  i\jt  which  lihe  probabili- 
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FFG.  10.  la)  Total  linevsidth  in  cm”*  as  a  function  of  compo¬ 
sition  ,x  for  the  Ga^h-like  (triangles)  and  Ge*like  (circles)  LO 
modes,  after  Refs.  7  and  3,  The  GaSb-like  mode  has  been  fit  in 
Ref.  7  to  two  straight  lines  (dashed  curve).  The  entropy  5  per 
site  (d!  Ided  by  Boltzmann's  constant)  as  a  function  of  x,  calcu¬ 
lated  using  mean-fieK*  theor>  for  tGaSb)|^^(Gedjc  and  assuming 
.Xr=0.3  (solid  curve)  is  plotted  on  the  scale  on  the  r>ght-hand 
side  of  the  figure.  The  scales  have  been  chosen  such  that  the  Ge 
LO  mode  linewidth  and  clAa  coincide  at  their  maxima,  (b) 
Entropy  S  per  site  as  a  function  of  .x,  calculated  using  the  on¬ 
site  model  of  Eq.  (2.11)  (solid  line)  and  the  phase-transition 
model  with  Xf  =0.2  (dashed  line)  and  0.7  (doited  line).  Note  (in 
(a))  the  similar  shapes  of  5(.x)  and  the  linewidth  of  the  Ge-like 
LO  mode.  Note  also  the  kink  discontinuities  in  Six)  at  .x^ 
(characteristic  of  a  phase  transition)  that  are  seen  both  in  the 
theory  and  in  the  experimental  linewidth  curves  at  .xssO.J  to 
0.4.  The  maximum  of  5(.x)  would  not  necessarily  occur  at 
.xc5:0.3  if  the  critical  composition  were  different  (b).  For  .x^  <  j 
the  discontinuity  in  5  occurs  at  .x^  and  the  maximum  occurs  at 
.x=y.  as  demonstrated  for  (dashed  line  of  (b)J;  for 

x^  >  y ,  the  maximum  occurs  at  x  ==Xf,  as  demonstrated  for 
.Xf =0.7  (dotted  line  of  (b)l. 


ties  are  equal  for  finding  the  various  allowed  substitution¬ 
al  atoms  on  a  given  site.  For  the  on-site  model  (i.e.,  fur 
*\/  =  l~.v),  the  ma.ximum  is  at  For  the  phase- 

transition  model,  for  .Cc<y*  the  maximum  is  at  x  =  y, 
the  composition  at  which  there  are  equal  numbers  of  Ga, 
Sb,  and  Ge  atoms  on  a  given  site.  Additionally,  for  the 
phase-transition  model,  the  entropy  exhibits  a  kink  at 
X  ^Xc  characteristic  of  a  second-order  transition,  as  cal¬ 
culated  in  a  mean-field  approximation  (the  second  deriva¬ 
tive  of  the  Gibbs  free  energy  is  discontinuous).^^  If  we 
have  .x^  >  y,  this  kink  represents  the  maximum  of  the  en¬ 
tropy. 

Clearly,  of  the  calculated  curves  presented  in  Fig.  10. 
only  the  result  for  the  phase-transition  model  with 


FIG.  11.  Illustrating  our  interpretation  of  the  discontinuity 
as  a  function  of  x  in  the  Raman  peak  position  of  the  Ge-like  LO 
mode,  as  observed  in  Ref,  7:  There  are  two  principal  bond  vi¬ 
brations,  Ge-Ge  and  Ga-Ge,  We  have  drawn  parallel  lines 
through  the  data  for  Ge-Ge  and  Ge-Ga  modes,  separated  by 
z::!  cm”\  the  separation  predicted  for  .x  =0.5.  Nc:e  that  the 
theory,  which  does  not  include  long-ranged  forces,  does  not  ac¬ 
curately  predict  the  positions  or  slopes  of  these  lines,  but  only 
predicts  the  splitting  between  them. 


.Xe=0.3  (Fig.  10(a))  exhibits  the  same  qualitative  depen¬ 
dence  on  alloy  composition  .x  as  the  observed  Ge-like  LO 
mode  width.  The  fact  that  the  observed  linewidth  of  the 
Ge-like  LO  mode  e.xhibits  the  same  qualitative  depen¬ 
dence  on  X  as  the  phase-transition  model’s  entropy,  name¬ 
ly  that  it  has  a  maximum  for  .xcsO.3.  is  evidence  support¬ 
ing  the  phase-transition  theory— and  against  the  on-site 
model,  Clearly-(GaSb)i_jc{Gej);c  grown  under  conditions 
such  that  Xc  is  greater  than  0.3  (Ref.  30)  should  exhibit  a 
maximum  Raman  linewidth  at  the  different  critical  com¬ 
position  .x^. 


C.  Peak  positions 

Beserman  et  al?  noted  that  the  peak  position  of  their 
broad  Raman  line  for  the  Ge-like  LO  mode,  when  plotted 
as  1  function  of  .x,  exhibits  a  discontinuity  of  css?  cm“' 
near  .x-sO.8  (see  Fig.  1 1),  The  present  theory  (Figs.  3  and 
4)  provides  a  simple  and  natural  explanation  of  this 
discontinuity:  there  ere  two  types  of  bonds  contributing 
significant  but  separate  subpeaks  to  the  Ge-like  LO  mode 
Raman  line,  Ge— Ce  and  Ge— Ga  bonds.  la  GaSb  .ich 
material  ix  <0.7)  the  mair,  spectral  feature  observed  is 
dominated  by  the  Ge— Ga  bonds,  but  in  Ge-rich  alloys 
(.X  >0.7)  the  Ge— Ge  peak  dominates.  The  theory  shows 
that  these  two  subpeaks  are  separated  of  order  7.4  cm“*. 

D.  Asymmetries  of  Raman  lines 

The  Raman  data  for  (GaSWi^j^lGe^l^f  are  abnormally 
asymmetric,  as  shown  in  Ref.  7:  the  OaSb-like  (Ge-like) 
LO  mode  peak  has  maximum  asymmetry  for  .xcxO.2 
(xcsO.S)  and  these  asymmetries  are  not  smoothly  varying 
functions  of  .x. 

These  experimental  facts  are  simply  explained*  the 
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GaSb-like  Raman  peak  has  contributions  from  the  Sb— Sb 
bond  subpeak  on  its  low-energy  side  (see  Figs.  6  and  7j, 
which  is  especially  visible  for  .x  <0.5.  Likewise  Ga— Ge 
bonds  contribute  on  the  low-energy  side  of  the  Ge-like  LO 
Raman  line  for  .x>0.7  (see  Fig.  11).  The  fact  that  the 
asymmetries  are  not  smoothly  varying  functions  of  a  indi¬ 
cates  that  different  modes  from  the  main  LO  modes  are 
responsible. 

E,  LO-TO  splitting 

The  zone-center  optical  phonons  of  a  crystal  experience 
a  Lyddane-Saohs-Teller  splitting  that  should  be  propor¬ 
tional  to  the  square  of  the  average  dipole  moment  per  unit 
cell.*^  In  an  alloy,  this  prescription  has  not  been  fully  jus¬ 
tified  (except  in  a  virtual-crystal  sense, nevertheless,  we 
employ  it  here  to  predict  the  x  dependencesiof  the  k=0 
LO  and  TO  modes  in  {GaSb)|«;j(Ge2^x*  The  dipole  mo¬ 
ment  per  unit  cell  is  proportional  to  the  order  parameter 
M{x)t  and  the  proportionality  constant  can  be  determined 
by  fitting  the  observed  splitting  for  ;c  =0.  The  order  pa¬ 
rameter,  in  a  mean-field  theory,  is  approximately  propor¬ 
tional  to  (.x^— indicating  that  in  the  mean-field  ap¬ 
pro, \imation  the  LO-TO  splitting  of  the  GaSb-liKC  k=0 
optic  mode  should  decrease  approximately  linearl)  from 
x=0  to  X  =0.3.  Such  a  decrease  in  the  LO-TO  splitting 
is  indeed  observed,  although  the  decrease  is  not  necessarily 
linear  in  x^^x  (see  Fig.  12).  (One  expects  that  more  ac¬ 
curate  calculations  using  the  renormalization  group  or 
some  similar  technique  \sould  determine  that  the  LO-TO 
splitting  decreases  as  with  /?=0.325.^^]  The  bi¬ 

furcation  of  the  GaSb-like  k=0  mode  at  acsO.3  is  a 
consequence  of  the  change  of  symmetry  from  a  zinc- 
blende  structure  for  ,x  <.Xj.,  m  \shich  there  is  a  net  dipole 


Go Sb  (Go (Geg 

FIG.  12.  Raman  peak  positions  fl  on  cm*’i  of  the  GaSb 
k=0  LO  and  TO  modes  in  (GaSbi^.^iGeii^  versus  alloy  com- 
posiuon  .u  after  Refs.  7  and  8,  vompai.U  vsith  the  predictions  of 
the  phase-transition  model  plus  a  Lyddane-Sachs-1  eller  LO-TO 
splitting  proportional  to  the  square  of  the  order  p.;rameter  M. 
The  bifurcation  at  of  the  diamond-phase  optic  mode 

(0)  into  LO  and  TO  modes  is  characteristic  of  the  order- 
disorder  z.iu-biende—diamond  phase  trans.iton.  Here  the 
theor\  IS  shifted  dviwn  2=4  cm”’  to  coincide  uith  the  data  for 
GuSb.  but  the  var.i.’uv.a  of  the  peak  position  sviih  .x,  dCl/d.\,  is 
not  adjusted  to  account  for  long-.’-anged  forces  omitted  from  tlu- 
model,  and  so  is  not  accurately  predicted. 


moment  per  unit  cell,  to  a  diamond' structure  for  x  >a^, 
in  which  there  is  .no  average  dipole  monKiii  and  no  dis¬ 
tinction  between  anion  an  !  cation  .sites.  This  is  a  general 
feature  of  the  phase-tran.-uion  model. 

Certainly  the  bifurcation  will  n be  as  shar;  ns  predict¬ 
ed  m  this  simple  theory,  and  alIo\  fluctuations  wWl 
broaden  the  GaSb-hke  optic  modes,  especialK  ( ir 
Nevertheless,  the  dafa  exhibit  this  splitting,  which  h  evi- 
dence  of  the  phase  transition.  Indeed,  the  zone-center 
LO-TO  splitting  offers  a  means  to  directly  determine  the 
square  of  the  order  parameter, 

!V,  SUMMARY 

To  our  knowledge,  the  lheor\  presented  here  is  the 
first  comprehensive  treatment  of  phonons  in 
(.*1  meiastaole.  substitutional,  crystalline 

alloys.  We  have  presented  predictions  for  both  the 
phase-transition  model  and  the  on-sitc  model*  and  have 
compared  'hem  with  data.  While  the  comparison  favors 
the  phase-transition  model*  the  evidence  is  not  compel¬ 
ling,  We  suspect  that  a  cortcct  model  of  these  alloys  em¬ 
braces  the  essentials  vf  the  phi.sc*'ransit*on  model,  but 
goes  beyond  the  mean-field  approMn'ialion  to  include 
correlations  in  the  atomic  positions.  Such  an  improved 
theory  will  still  have  Sb-Sb  and  Ga-Ga  bonds,  but  they 
will  be  fewer  in  number  than  for  ilu  present  mean-field 
theory.*'*' 

The  main  features  of  the  Raman  data  are  well  described 
by  the  theory,  despite  the  fact  that  many  of  those  features 
were  p.-'cviously  ihougl*:  to  be  anomalous.  The  Raman 
linewidihs  are  a  measure  of  the  tJloy  disorder  and  vary 
with  A  in  a  similar  fashion  to  the  entropy  of  the  phast 
transition  model.  The  observed  dependence  of  liie  Raman 
linevvidth  appears  to  be  incr  isisieni  with  the  on-site 
mode!.  The  appaient  disconimiiity,  as  a  function  of  .v,  of 
the  Ge-like  LO  Raman  mode  is  attributed  to  the  fact  that 
separate  but  nearly  degenerate  modes  associated  with  two 
distinct  types  of  bonds.  Ge-Ge  and  Gu— Ge.  coiunbute  to 
the  Raman  peak — and  the  dominant  bond  changes  with  .v. 
The  apparent  anomalous  asymmetry  of  the  Raman  lines  is 
due  to  Sb— Sb  and  Ga— Ge  sideband  modc.s,‘’  Finally,  the 
order  parameter  of  the  zipc-ble-.de-dianiond  phase  tran¬ 
sition  can  be  extracted  from  the  Lyddane-Sachs-Teller 
splitting  of  the  GaSb  LO  and  TO  phonons  at  k=0. 

In  general  the  model  accounts  for  all  the  essential  phys¬ 
ics  of  the  spectra  of  these  alloys.  It  demonst*-ates  that 
virtual-crystal  and  persistence  approximations  to  the  pho¬ 
non  spectra  are  inadequate.  Nevertheless,  the  theory  itself 
requires  improvement  t(  .make  it  truly  quantitative,  and 
long-ranged  forces  should  be  incorporated  ini  model. 
We  hope  that  this  work  will  siiniulaiv*  furlh.  *.*cor<.ac. 
and  experimental  lnve.siigations  of  phonons  :n  these  in* 
leresii.  g  alloys. 
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APPENDIX  A:  SYMMETRY  OF  FORCE-CONSTANT 
MATRICES 

Choosing  the  origin  at  an  ion,  the  positions  of  its  four 
nearest  neighbors  are  rj  =(«t/4)(  1, 1, 1 ), 
r.=iai/4)(-l,-lJ),  r,=(ai/4)(l.-l,-l),  and 

74=1  -  1,1,-  1).  Similarly,  the  positions  of  the  12  second 
nearest  neighbors  are  given  by  the  nonzero  combinations 
of  Tj-Tj,  for  ■  and  j  ranging  from  1  to  4. 

Applying  the  symmetry  of  the  crystallographic  point 
group  Tj,  with  aii  .v,.  y,  and  z  basis,  the  first-nearest- 
neighbor  force  constants  between  the  6th  ion  at  the  origin 
and  the  6'th  ion  at  the  position  T|  are  parametrized  as  in 
Eq.  (2.3),  and  the  second-nearest-neighbor  force  constants 
between  the  6th  ions  at  the  origin  and  at  the  position 
(ai/2)(0, 1, 1)  are  pammetrized  as  in  Eq.  (2.4).  In  this  ap¬ 
pendix,  we  use  the  notation  55'”  and  <5  ■  for  the  3X3 
force-constant  niatrices  given  by  Eqs.  (-.3)  and  12.4), 
respectively. 

The  force-constant  matri.s  between  an  ion  at  the  origin 
and  an  ion  at  the  po-nion  t-  can  be  obtained  from  <5”'  by 
rotating  the  coordinate  system  by  r  around  the  z  axis: 

(a  /?  -/J 

p  a  -13  ,  (Al) 

\-P  -13  a 

where  we  have  the  rotation  matrix  in  the  form: 


3.4(l-2/-)-r2/i4/-  2/mv4 

l5'”(/,m,«)=  2/mvj  — 

2//IV4  2mnvi, 


-1  0  0 

R.=  0  -10.  (A2) 

0  0  1 

The  force-C'>nstant  matrices  between  an  ion  at  the  origin 
and  ions  at  the  positions  and  74  can  be  obtained  by 
similar  rotation  operations. 

The  force-constant  matrix  between  the  6th  ions  at  the 
origin  and  at  the  position  (ai,/21(0,  - 1, 1 )  is  derived  from 
(p'-'  by  operating  with  R^'. 

h  0  0 

Rz±''%^  0  Pi  -Vi  .  (A3) 

0  -  Vi  Pi 

The  other  ten  force-constant  matrices  for  the  second- 
nearest  neighbors  can  be  easily  obtained  by  similar  sym¬ 
metry  operations. 

These  force-constant  matrices  can  be  written  in  a  com¬ 
pact  ^  '■m  using  the  direction  co.sines  (/,m,rt)  of  the  vector 
connecting  the  two  ion  positions: 

a  ilmP  3lnP 

2lmp  a  ImnP  IA4) 

2lnP  imnP  a 

for  first-nearest  neighbors,  and 


2//I  Vi 

2mn  Vi  (.\5) 

/.fcd— 2)i*)-f  2pj,n* 


for  second-nearest  neighbors.  The  direction  cosines  (/,m,«)  take  the  values,  for  instance,  (— 3“'''^3”'^^— 3~'^')  for 
(t);. /4)(  -  1. 1,  -  1)  and  (0,2" *''^2" '''■)  for  /2)(0, 1,1). 

In  using  the  recursion  method,  wherein  a  finite  cluster  of  atoms  is  g.nerated,  it  is  convenient  to  use  the  above  3x3 
force-constant  matrices  in  terms  of  the  direction  cosines,  for  each  pair  of  atoms. 


APPENDIX  B:  DYNAMICAL  MATRIX 

With  use  of  the  force-constant  parameters  introduced  in  Sec.  II,  the  6x6  dynamical  matrix  D(k)  for  each  k  vector  in 
Eq.  (2.9)  can  be  written  as 

6/6'  a  c 

D(k)=  “  .  (Bl) 

c  I  QL  Qc  1 

Each  element  of  this  matrix  is  a  3x3  matrix.  The  on-site  matrix  Dg  for  the  anion  is  given  by 

I  >  !  a,y }  t  a,z  > 

a  rAa/ilkl-l-jaagilk)  Va6i(k)  Va6;(k) 

vjtfik)  a+kgfz{k)-rPagi{k)  v,hi(k)  ,  (B2) 

Vj/ijlk)  VjAjtk)  a~k,/iik)+Pa8)^ki) 


(a,x  j 

i-M,/‘i)D,  =  {a,y\ 
{a,z  ‘ 
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where  (with. fli,  being  the  lattice  constant) 
/i  ( k )  =  1  -  cos(  Mi  ky  )cos(  Mi  k. ) , 
/a  ( k )  =  1  —  cos(  Mi  Aj  )cos(  Mi  k^ ) , 


/3  ( k )  =  1  -  cos(  Mi  kx  )cos(  Mi  A:^ ) , 
g I  ( k ) = 2 - cos(  Mi kx  )[cos(Mi ky )  -j- cos( -ai k. )]  , 
g2(k)=2-cos(MiA:^)[cos(MiA:j)+cos(MiA:;,)]  , 
g3 ( k ) = 2  -  cos(  Trai_  Aj ) [  cos( Mi  A;, )  -r  cos(  Mi  )  ]  , 
/ii(k)=sin(MiA;,)sin(MiA^) , 
/i2(k)=sin(MiA;()sin(MiAj) , 


/i3(k)=;sin(MiAy)sin(MiA;) . 

The  on-site  matrix,  D^,  for  the  cation,  is  identical  in  form 
to  Dj,  except  that  the  index  a  is  everywhere  replaced  by  c. 
The  off-site  matrix  Dg^  is  given  by 

I  e,x  >  I  c,y )  I  c.c ) 


I 

ici.z  I 

where  we  have 


ai|(k)  Psiik)  Ps}lk) 
Psiik)  a5|(k)  PSiik) 
Psilk)  Psi(k)  ai|(k) 


(B3) 


.t|(k)=ei -rvi-re^-ret  , 
52(k)  =  <.'|  +c'2--C'3-<?4  . 
S3(k)=e|-C2-<?.\Tt’4  . 
i4(k)=e|-c'2-be3~e4  . 


The  Cf’s  (('  =  1,  2.  3,  and  4)  are  given  by 

c ,  =  exp[  I  Mi  ( kx  -r  ky  -r  k,  )/2 )  , 

e2=exp[/Mi(  —kx  —ky-{-k.  1/2]  , 

e3=exp(/Mi(A;j-A^-A.)/2]  , 

C4  =  exp[ i  Mi  ( -  kx  -r  ky  -  A. ) /2 ]  . 

Despite  the  importance  of  the  long-rangvd  Coulomb 
forces,  we  ignore  these  forces  and  use  the  rigid-ion  model 
with  first-  and  second-nearest-neighbor  force  constants 
for  describing  the  lattice  dynamics  of  semiconducting 
compounds. 

APPENDIX  C:  FITTING  PROCEDURE 

At  points  of  high  symmetry  in  the  Brillouin  zone,  the 
dynamical  matrix  becomes  block  diagonal.  We  can  ex¬ 
press  the  frequencies  at  these  points  in  terms  of  the  force- 
constant  parameters,  and  determine  these  parameters  by 
fitting  the  frequencies  with  experimental  data.  The  ana¬ 
lytic  forms  at  the  F,  X,  and  L  points  are 


n=(LO; r)=n-(TO:r)=  -4a( i/m, -f  l /M, ) , 

-4(0!-f4/ia)/A/, 


ICI) 

tC2) 


n={TO:A  n=(TA:A:)=  -(2a(  I/M,  -r  l/M,)-r4(?,,  -f/j, )/A/,  .{-4(/.,  +pig)/Mg)] 

±[  |2a(l/M,-l/.\/f)-!-4(/,,-f/i,)/M,  -4(A,.r/ic)/Me ! ' 

+  \6P'/{MgMf)Y^‘  (twofold  degeneracy) ,  (C3) 

n=(LO:i),  fi-(LA:L)=  -[2a(  l/.V/,  +  \/McH2{Xg/Ma  -f  A,/M,)-f4(/r,/.W,  -r/i,/.W,)-r4(v,/.\/,  -i-v,/.U,)] 

±[  1  2q(  l/.W,  -  1/M,).f  2(/.a/A/,  -/.g/Mg) 

+4(/i,/M,-/i,/Mc)-r4(v,/.\/, -iv/A/,) I  --r4( -a-f  2)3)V(.V/,.\/,)]'/- ,  IC4) 


and 


n=(TO:L),  fi-(TA;£)=  -[2a(  1/M,  -M/A/,)-i-2(A,/M,  •fA,/A/,)-r4(/i,/.V/,  -r/i,/.V/,)-2(^',/A/,  ^v,/A/,)] 


±  [  1 2a(  1  /M,  - 1  /M, )  -f  2(  A,  /M,  -  A,  /M, ) 

-f  4(/4,  /M,  -He  /Me )  -  2(  V,  /A/,  -  V,  /Me )  =  ■ 

-i-4(a-p/?)’/(A/oA/f  )]'''*  (twofold  degeneracy) .  (C5) 


In  addition,  by  taking  the  elastic-continuum  limit  of  the 
equation  of  motion,^*  we  have  the  following  relations  be¬ 
tween  elastic  constants  and  force-constant  parameters: 


(C6) 


C 12  =  (  -  1 /flt )[  2/3  -  «  T  4(  I'a  -r  Vf  )  —  2(  A, -r  A,  I 

•  *C7) 

C44  =  (  -  1  /flt  )[a  2(  A,  -f  Af  )  -r  2(/J ,  -rHe^—P'/a]  . 

1C8) 


c,,=(-l/02.)(a-r4(/r,-r/i,)]  . 
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where  aj,  is  'he  lattice  constant. 

In  detennining  the  parameter  o  from  phonon  disper¬ 
sion  curves,  the  .squared  frequency,  fl*(LO;r) 
(wfl'iTOjD  in  the  present  model],  needs  to  be  replaced 
by  [n-(LO:r)-r2H-(TOtr)|/3.  since  the  LO-TO  split¬ 
ting  e.x{sts  in  the  e.xperimental  data  for  these  mode  fre¬ 
quencies.  With  this  replacement  in  Eq.  (Cl),  we  have 

«  =  _f  -i-AJc))lH-(LO;r)-i-2n-(TO:r))/3  . 

(C9) 

The  parametens  Ha  and  are  determined  from  Eq.  sC2) 
as 

Ha M -.V/,/l6)n-UA:.VI-a/4  . 

(CIO 

/4c=(-A/^/l6)n-(LO;.Y)-a/4 . 

for  Mo  >  tipd 

^i:a=("-.Vf,./l6in-(LO;Y)-a/4  . 

(Cl  I) 

/tc=(-;V/,/l6)n-(LA;;fl-a/4  , 
for  A/u  <Mf. 

Th.*:  determination  of  the  parameters  A„,  v,,  v,,  and 

[i,  using  the  relations  given  by  Eqs.  (Cl)  to  >C2),  depends 
on  the  data  tvailable  for  each  material.  In  some-  cases,  a 
reduction  of  the  number  of  parameters  is  necessary,  be¬ 
cause  of  lack  of  data.  If  we  assume  a  central  force  operat¬ 
ing  between  ion.s.  we  have 

Hb  —  Vb-i-^b  (t=flandc).  (C12) 

Banerjee  and  Vaishni'*  have  assumed  the  relation 

/<6=''d  (b=aandc)  (CI3) 

in  concurrence  with  the  cei.tral-force  model”  and  the 
angular-force  model.™ 

Various  combinations  of  the  relations  in  Eqs.  (Cl)  to 
(CS),  with  or  without  the  simplifications  given  in  Eq. 
(CI2)  or  (CI3),  were  attempted.  (Our  parameters  were 
also  compared  with  those  obtained  by  Banerjee  and 
Varshni.")  Judgment  was  made  according  to  how  well 
the  phonon  dispersion  relations  and  global  features  of  the 
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is 

densities  of  states  were  reproduced.  For  GaSb,  the  param¬ 
eters  for  GaAs  obtained  by  Banerjee  and  Vjirshni’'  were 
found  to  be  e.xceiient.  Here  we  set  one  parameter, 
'••'presenting  the  long-range  Coulomb  forces  in  their 
model,  to  zero.)  We  use  these  parameters  for  GaSb  :'..s 
well,  replacing  the  .mass  of  As  with  the  mass  of  Sb  in  the 
dynamical  matri.x.  For  Ge,  using  the  relation  in  Eq. 
(Cl 31.  the  four  parameters  a,  fi,  /u  (=sv),  and  /,  were  deter¬ 
mined  by  fitting  n-ILOjD  f fi-(TO:  D],  n-(TO:.V), 
fl'lLOt.V)  {«a-(LA:.V)j,  and  i\HTA\X]  to  neutron 
scattering  data.’^  There  is,  of  course,  no  distinction  be¬ 
tween  anion  and  cation,  and  thus  we  have  for 

e.xample. 


APPENDIX  D:  MINICLUSTER  PROBABILITIES 

The  probability  of  occurrence  of  a  five-atom  miaiclus- 
ter  i.'i  which  the  central  atom  is  a  Ga  atom  on  the  nominal 
cation-site,  with  /  Ga  atoms,  m  Sb  atoms,  and  «  Ge 
atoms  distributed  over  the  four  nearest- neighbor  nominal 
anion  sites  of  the  central  Ga  atom 

(  Pos  hUPos  )a  >'(  <  Pst.  K  n  (  >0 .  (D 1) 

Such  a  cluster  of  neighbors  occurs  AlA  llm  In !)  times.  The 
probabilities  of  occurrence  of  various  nearest-neighbor 
clusters  were  calculated  using  Eqs.  (2.14a)-(2.I4eK  In 
case  Ga  atoms  are  allowed  to  occupy  the  nominal  anion 
sites,  as  in  the  model  using  mean-field  theory,  i\  v  proba¬ 
bilities  are  identical  in  form*  except  that  the  indices  a  and 
c  need  to  be  interchanged  everywhere.  The  probabilities 
of  occurrence  of  five-atom  miniclusiers  with  a  Sb  atom  on 
the  central  site*  and  with  a  Ge  atom  on  the  central  site, 
are  obtained  by  a  cyclic  permutation  of  the  indices  speci¬ 
fying  atoms:  from  (Ga,Sb,Ge)  to  tSb,Ge,Ga),  and  to 
IGe.Ga.Sb)  respectively.  There  are.  therefore,  15x2x3 
statistically  independent  configurations  in  the  zinc-blende 
phase,  and  15x3  statistically  independent  configurations 
in  the  diamond  phase  (since  we  do  not  distinguish  between 
anions  and  cations  in  this  phase).  The  probabilities  for 
the  model  with  no  antisite  defects  (A/  =  1  — .x)  can  be  ob¬ 
tained  from  Eqs.  {2.11a)— (2.1  Ic). 
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ABSTRACT 

The  observed  chemical  trends  In  Schotck/  barrier  heights  (l«e*,  the 
variation  In  the  barrier  height  as  a  function  of  the  alloy  composition  x, 
or  the  dependence  of  the  barrier  height  on  the  anion  or  cation  species)  are 
explained  by  Fermi-level  pinning  due  to  defects*  Microscopic  calculations  of 
surface  defect  levels,  rather  than  phencmenologlcal  arguments,  are  presented 
to  support  this  viewpoint*  We  find  that  the  slope  of  the  pinning  defect  level 
as  a  function  of  alloy  composition  (dE/dx)  is  a  signature  of  the  detect  type* 
In  the  case  of  AJtj^Gaj^j^As/Au  contacts  for  all  compositions  x,  and  for 
AJlj^Gaj.jjAs/AZ  and  contacts  for  large  x,  the  Schottky  barrier 

heights  are  attributed  to  Fermi-level  pinning  by  catlon-on-anlon-slte  antlslte 
defects  (ldE/dx|  is  large).  Alj^Ga^.j^As/AZ  and  AZj^Ga^^j^As/In  Schottky  barriers, 
for  small  x,  are  attributed  to  Fermi-level  pinning  by  anion-on-tte-cation-slte 
antisite  defects  (|dE/dx|  is  small)*  This  Interpretation  Is  supported  by  both 
detailed  calculations  and  the  results  of  a  simple  four-atom  model* 
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I.  INTRODUCTION 


OV;cr  the  years,  there  have  been  raany  attempts  to  understand  the  obnerved 
chemical  trends  In  Schottky  barrier  heights  — r  the  dependence  of-  on  the 

anion  or  cation  Gpecles,  or  on  the  alloy  composition  x«  In  (the  past,  such 
attempts  have  had  the  disadvantage  that  no  fundamental  microscopic  foundation 
has  been  available*  The  Introduction  of  Bardeen's  concept  of  Ferml'*level 
pinning  (1]  and  Spicer's  defect  model  [2-*5],  however,  have  provided  a  general 
framework  that  makes  It  possible  to  understand  chemical  trends  in  from  a 
microscopic  point  of  view:  Since  the  Schottky  barrier  height  In  the 
Fermi-level  pinning  model  Is  approximately  equal  to  the  difference  between  a 
band  edge  (conduction  band  edge  for  an  n-type  semiconductor  and  valence  band 
edge  for  p-type)  and  the  relevant  defect  level-  (lowest  acceptor  level  for 
n-type;  highest  donor  level  for  p-type),  chemical  trends  in  barrier  heights 
are  explained  by  the  combined  chemical  trends  in  band  edges  and  "deep**  defect 
levels  at.  the  semlconductor/metal  contact* 

Recently  we  have  reported  theoretical  predictions  of  Schpetky  bar  .er 
heights  for  Au  contacts  to  various  IIl-V  alloys  {61  and  for  transition-metal 
contacts  to  alloys  {7)*  the  IlX-V/Au  barriers  are  attributed  to 

Fermi-level  pinning  by  cation-on-anlon-slte  III-V  surface  antlslte  defects 
(6).  The  barriers  are  attributed  to  Fermi-level  pinning  by 

Interlaclal  dangling  bonds  [7]*  For  both  systems,  ^he  theory  Is  In  quite  good 
agreement  with  the  measured  barrier  heights,  with  the  observed  chemical  trends 
being  particularly  well  described  by  the  theory* 
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Here  we  exceed  Che  simple  -theory  of'  Ref,  (61  and  consider  both  antlslte 
deTects,  Including  the -Che  aaion-or»-catlonrslte  sntx^lte  defect;.  Our  principal 
motivation  Is  to  compare  the  alloy  dependences  for  the  Schoctky  barriers  that 
result  froa‘ Ferml-level  pinning  by  the  cwo' different  types  of  antlslte 
defects.  As  discussed  below,  we  find  that  dS/dx  Is  very  different  for  the  two 
defects  In  some  cases,  where  S  Is  a  Ferml*-level  pinning  defect  energy  level 
and  X  Is  the  alloy -composition*  This -appears  to  expUln  the  different 
dependences  on  x  of  observed  barrier  heights  of  AAj^Ga^^j^As  with  Al  and  In 
contacts  on  the  one  hand,  and  with  Au  contacts  on  the  other  hand. 


IL  Simple  Four-Atom 

Before  giving  the  results  of  our  detailed  calculations  —  which  employ 
the  sp^s*  model  of  Vogl  et  al,  (81  for  the  bulk  electronic  structure,  Che 
acaled-*atOffllc  energy  model  of  Hjalmarson  et  al,  (9]  for  the  Impurity 
potentials,  and  the  analytic  Green's  function  technique  (10]  —  let  us 
consider  a  very  simple  four-atom  model  for  each  j)f  the  two  surface  antlslte 
defects:  the  antlslte  atom  at  a  surface  and  Its  three  nearest-nelghbots.  We 
will  find  that  this  model  provides  a  remarkably  good  description  of  Che 
chemical  trends,  and  tends  to  Increase  our  faith  In  the  central  results  of  the 
much  more  complicated  calculations. 


The  simple  four-atom  model  can  be  constructed  by  first  considering  a 
five-atom  model  consisting  of  an  antlslte  impurity  In  the  bulk  anJ  Its  four 
neighbors,  and  then  emplacing  one  of  the  four  neighboring  atoms  by  a  vacancy 
—  to  simulate  the  semiconductor  surface.  In  the  bulk,  an  anion  or  cation 
antlslte  defect  1$  tetrahedrally  coordinated,  which  leads  to  deeo  level 
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electronic  states  of  Aj  (s-llkc)  br  T2  (P’H^e)  symmetry*  The  symmetry  is 
reduced  at  the  surface,  and  the  states  of  Aj^  and^  T2' symmetry  mJx* 


A.  Bulk  amisite  Defects 

For  concreteness,  consider  the  *,nlon-8lte  bulk  antlslte  defect  (Ga^g)  In 
GaAs*  Take  as  a  basis  (1)  the  $”  and  phorbltals  of  the  antlslte  defect  atoms 
|8>  and  |p>  (with  energies  Cg  and  Cp)  and  (ll)  the  main  s-llke  (or 
Apsymmetrlc)^and  p-llke  (T2-symmetrlc)  orbitals  of  the  rest  of  the  solid 
without  the  central  atom  —  namely  the  Aj  and  T2  orbitals  of  a  vacancy  (with 
energies  E(A|;v)  and  E(T2;v))*  In  a  model  which  considers  only  the  defect  and 
its  four  neighbors,  the  vacancy  A^  orbital  is 


|Ai;v>  «  (  |l>  +  12>  +  |3>  +  14>  )/2, 


(1) 


wheri  ll>  is  the  inward-directed  sp^-hybrld  centered  on  the  l-th  neighboring 
site  (ill*  Similarly  the  relevant  T2-vacancy  orbital  Is 


|T2Jv;  -  (12)"^''^  (  |1>  +  12>  +  |3>  -  3  14>  ). 


(2) 


The  *  orbital  of  the  ?\ntlslce  Impurity  only  interacts  with  lAj;v>;  and  the  p 
orbital  which  is  polarized  coward  atom  4  interacts  only  with  |T2;v>.  Notice 
chat  the  wavefunctlon  is  equally  distributed  among  the  four  hybrids  for  the 
1Aj;v>  orbital,  but  Is  more  heavily  weighted  on  hybrid  |4>  for  Che  1T2;v> 
orbital*  The  model  bulk  antlslte  Hamiltonian  can  be  simply  written  as  a  direct 


sum; 
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Hi 


bulk 


/  H(A'i)  0  \ 

\  9  H(T2)  / 

where  we  have  (In  the  basis  |Aj;v>  .ahd  |s>) 
/  ECAjiv)  -t(Ai)  N 


H(Ai) 


-t(Ai) 


and  (In  che  basis  |T2;v>  and  lp>) 

/  E(T2;v)  -t(T2) 


H(T2) 


-t(T2)^ 


(3) 


(4) 


(5) 


The  vacancy  energies  E\A|jv)  and  E(T2|V;  ace  obtained  fcow.  Green's  function 
calculations  (9)  of  Ideal  vacancy  energies,  and  are  the  eigenvalues  of  H(Ap 
and  H(T2)  In  the  limit  of  and  Cp  being  Infinite  (121*  iho  energies  Cg  and 
Cp  are  determined  from  atomic  energy  tables;  for  example  a  Cg  Is  80%  of  the 
difference  Is  3*-orbltal  energies  of  Ga  and  As  for  Ga  oh.  the  As  site  In  GaAs 
(8,9)  •  The  coupling  parameters  t(Aj)  and  t(T2)  are  obta^ed  by  fitting 
calculated  (9]  bulk  antlslte  defect  levels* 


B.  Surface  antisite  Defects 

We  next  change  one  of  the  four  neighbors  (atom  aucrcmndlng  the 
antlslte  .<.nto  a  vacancy*  This  Is  accompl  shed  by  allowing  the  arclslte  only  to 
Interact  with  the  or  o-llke  molecular  orbital,  which  has  no  caplltude  on 
atom  4: 


lai>  o  (/3  lAj;v>  +  1T2;v>  )/2. 


(6) 
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^The  surface  Hamiltonian  of  the  antisite  interacting  with  only  three 
neighbors  becomes  (in  a  basis  |a|>»  |8>»  and  |p>) 


^surface 


c(ai)' 


-t, 


-to 


(7) 


where  e(aj)  is  the  self-energy  of  the  remaining  three  sp^-hybrld  orbitals,  and 
is  given  by 


e(ap  ■  (3  E(Ai;v)  +  £(T2;v)l/4, 

(8) 

The  s  and  p  orbitals  of  the  antisite  Interact  with  the  remaining  sp^-hybrids 
with  reduced  strengths  t^  -  /3  t(Ai)/2  and  t2  -  t(t2)/2. 


In  this  simple  model,  the  changes  due  to  the  surface  are  contained  In  th*^ 
facts  that  (a)  the  s  and  p  orbitals  of  the  antlslte  interact  with  an  ^'average'* 
hybrid  orbital  of  its  neighbors,  having  "average"  energy  c(aj),  and  (b)  the 
strengths  of  the  Interaction  for  the  surface  are  reduced  from  those  of  the 
bulk*  Both  effects,  in  particular  (b),  can  markedly  shift  the  surface  antisite 
levels  from  those  of  the  bulk. 


The  results  of  this  simple  model  are  compared  with  the  full  surface 
Green's  function  calculation  In  Figs.  I  and  2.  For  the 

catlon-on-the-anlon-site  defect  (e.g.,  Ga^g),  the  model  yields  only  one  level 
in  or  very  near  the  band  gap  —  an  acceptor  level  that  can  produce  Ferral-lnvel 
pinning  and  Schottky  barrier  formation  for  an  n-type  semiconductor.  The 
detailed  calculations  (6)  also  produce  only  a  single  prominent  level  In  the 
band  gap  for  this  defect  —  again  an  acceptor  level.  When  the  results  of  the 


E  (eV) 
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Anion-Site  Antisite  Defects 


AlAs  GaAs  GaP  InP 


Klg.  1.  Predictions  of  simple  four-atom  model  for  acceotor  levels 
associated  with  catlon-on-anlon-slte  antlslte  defects  (open  circles)  compared 
with  predictions  of  detailed  calculations  (open  squares)  [6]* 
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Cation-Site  Antisite  Defects 


AlAs  GaAs  GaP  IhP 


2.0  H 


0.0 


Model  1 


AlAs  GaAs  GaP  InP 


rig.  2.  Predictions  of  simple  four~atoa  model  for  acceptor  and  donor 
levels  associated  with  anlon-on-catlon^^slte  antisite  defects  (circles) 
compared  with  predictions  of  detailed  calculations  (squares)  [6].  Open  circles 
and  square.?  are  acceptor  levels  (empty  for  neutral  defect),  and  solid  circles 
and  squares  are  donor  levels  (filled  for  neutral  defect).  "Model  2"  represents 
the  "exact"  calculation  for  the  four*-atos  model,  and  "Model  I"  represents  a 
calculation  in  which  the  indirect  coupling  between  e-orbltal  and  dangllng*-bond 
p-orbital  on  the  defect  site  Is  neglected.  (See  text.) 
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simple  model  (open  circles)  and  detailed  calculations  (open  squares)  are 
compared  In  Fig,  I,  It  can  be  set'n  that  the  chemical  trends  are  In  remarkably 
good  agreement. 


A  similar  comparison  for  the  ocher  antlsltc,  Che  anlon-on-the-caclou -site 
defect,  Is  shown  In  Fig,  2,  As  described  above,  two  versions  of  the  simple 
model  were  used:  In  "model  i,"  Che  3x3  problem  of  Eq,  (7)  vas  artificially 
decoupled  to  yield  the  two  2x2  problems  of  Eqs,  (4)  and  (5),  This  amounts  to 
neglecting  the  Indirect  Interaction  between  the  defect-site  s-orbltal  and 
dangling-bond  p-orbltal  via  the  direct  Interaction  of  each  of  these  orbitals 
with  neighboring  orbitals  on  the  adjacent  anion  atoms,  (See  Eq,  (7),)  In 
"model  2,"  the  full  3x3  problem  Is  solved.  In  both  models,  one  acceptor  level 
and  one  donor  level  are  produced  In  (or  very  near)  the  band  gap,  (The  "better" 
model,  model  I,  gives  the  "worse"  results  because  of  the  hybridization  of 
s-orbltal  and  dangling-bond  p-orbltal  on  the  antlslte  defect;  this  Is  not  the 
relevant  point,  however,)  As  can  be  seen  In  Fig,  2,  either  of  these  versions 
of  the  simple  A-atom  model  (open  and  solid  circles)  yields  chemical  trends 
almost  identical  to  chose  of  the  detailed  calculations  (open  and  closed 
squares). 


The  agreement  between  the  simple  models  of  both  defects  and  the  detailed 
calculations  indicates  that  both  approaches  provide  £  reliable  description  of 
the  chemical  trends.  It  also  Indicates  that  these  trends  have  a  simple 
physical  origin,  principally  involving  the  dangUng-bond  p-orbltal  for  th* 
anlon-slte  defect  (e,g,,  Ga^g)  and  both  the  s-orbltal  and  dangling-bond 
p-orbltal  for  the  catlou-slte  defect  (e,g,,  Asq^), 
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Fig*  3.  Predictions  of  dotal led  calculations  for  the  catlon-on*anlon-slte 
defect  (e.g.,  Ga^c)  and  the  anlon-on-catlon-slce  defect  (Cig,,  Asq^)  at 
relaxed  (I 10)  surfaces  of  1IX*V  semiconductors  and  their  alloys#  Only  the 
acceptor  levels,  relevant  to  Fermi-level  plnnlngs  cn  n-type  semlconduct'^rs , 
are  shown*  For  note  that  the  slope  of  the  acceptor  level  (dE/dx) 

is  large  for  the  catlon-on-the-anlon-slte  defect  and  small  for  the 
anlon-on-the-catlon-slte  defect*  The  experimental  data  for  Au  contacts  to 
various  alloys,  and  At  and  In  contacts  to  At^Ga^^^As,  are  also  shown* 
(References  to  the  experimental  papers  are  given  in  Refs.  [3]  and  [6]*  Ue 
attribute  the  data  for  Au  contacts  and  for  At  contacts  to  At-rich  At^Ga^.^As, 
to  Fermi-level  pinning  by  the  cation-on-the-anlon-sltc  antlslte  defect*  The 
anlon-on-catlon-slte  defect  Is  Identified  as  responsible  for  pinning  the  Fermi 
level  at  In  and  AJt  contacts  to  Ga-rlch  At^Ga^.^As*  These  results  indicate  that 
the  slope  of  the  Fermi-level  pinning  position  as  a  function  of  alloy 
composition  (dE/dx)  can  serve  as  a  signature  of  the  defect  type*  Tn\ 
conduction  band  edge  Is  denoted  E^. 
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In  Fig*  3^  $hov  predictions  of  our  detailed  calculations  for  several 
III-V  alloys,  compared  with  experimental  Ferral-level  pinning  positions 
Inferred  from  measurements  of  Schottky  barriers  and  MOS 

(raetal-oxygen-semlconductor)  structures*  (ITie  sources  of  the  experimental  data 
are  cited  In  Ref*  (6|  and  the  review  of  Mdnch  (3|*}  For  Au  contacts  to  all 

alloys,  the  data  appear  to  be  well  described  by  the  catlon-on-anlon-slte 
defect  level  (e.g*,  ^Ga^s^*  defect  state  is  cation  dangllng-bond-llke  In 
character  and  draws  Its  strength  mainly  from  the  conduction  band*  Hence  Its 
energy  changes  considerably  as  the  alloy  composition  varies* 

The  data  for  In  and  At  for  small  x  In  Al^^Ga^^j^As  however  show  only  a 
modest  change  with  alloy  composition*  In  fact,  M  appears  to  produce  a  kxnk  in 
the  Fermi-level  pinning  position  as  a  function  of  x*  The  defect  model  readily 
explains  this  behavior  In  terms  of  a  "switching"  of  the  dominant  defect  from 
Che  catlon-on-anlon-slce  defect  (e.g*,  Ga^g)  for  large  x  to  the 
anion -on-caclon-slte  defect  (e*g*,  Asq^)  for  small  x*  The  anlon-on-catlon-slte 
defect  level  has  anion  dangling-bond  character,  is  valence-band-llke,  and 
hence  shows  little  change  as  the  alloy  composition  x  varies* 


III.  SUMMARY 

Thus  the  simple  picture  of  Feral-level  pinning  by  deep  energy  levels 
associated  with  defects  accounts  for  the  chemical  trends  In  the  Schoteky 
barrier  data*  Indeed,  the  essential  physics  Is  contained  In  the  simple 
four-atom  model  which,  In  a  hybrid  basis,  can  be  easily  evaluated* 


We  thank  the  Office  of  Naval  Research  (Contract  Nos. 
N00014-84^K^0352  and  N00014-82-K^0447)  for  their  generous 
support. 
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A  theory  of  i/^-'-bondod  substitutional  deep  impurity  levels  in  periodic  A',  - 
GaAs/AI.,Ga|.^  As  superlattices  predicts  that  as  the  thickness  /(GaAs)  of  each  OaAs  layer  is  re¬ 
duced  below  a  critical  value  {^\1  A  or  ^V,  ^ 6  for  ,x  =<).7i  common  shallow  donor  impurities  such 
as  Si  cease  donating  electrons  to  the  conduction  band  and  instead  become  deep  traps  This  happens 
because  the  deep  levels  associated  with  point  defects  in  either  GaAs  or  AI^Guj  ,^As  layers  (\\hen 
measured  relative  to  the  valence-band  maximum  of  GaAs)  are  much  less  sensitive  to  changes  of  the 
alloy  composition  or  layer  thicknesses  of  the  superluitice  than  the  superlattice  bi,nd  edges,  particu¬ 
larly  the  conduction-band  edge.  For  suir.'e  compositions  .v.  dopants  such  as  Si  arc  hallow  dvmors  in 
A’kA"  GaAs/AlvGa|.,As  supcrlattices  but  deep  traps  in  Al,^  As  alloy  (the  alloy  ob¬ 

tained  by  disordering  the  superlaiticel.  The  band  gap  and  band  edges  of  the  mperlattice.  and  hence 
the  ionization  energies  of  deep  levels,  depend  strongly  on  the  layer  thickness  /(GaAs)  but  only  weak¬ 
ly  on  /(AhGai^.^  Ask  The  Ty  and  J  i-derived  aeep  levels  tof  the  bulk  point  group  Tj)  are  spir  and 
shifted,  respectively,  near  a  GuAs/AhCa^^^  As  interface;  the  p-like  T;  level  splits  into  an  a,  tp.- 
like)  level,  a  bi  (ip^  -rp.  hlike]  level,  and  a  b^  (Ipv  "Pi^l-like]  level  of  (he  point  group  for  any  general 
superlaiiice  site  tCj^),  whereas  the  ^-like  ^l|  bulk  level  becomes  an  0|  (j-like)  level  of  Q, .  The  or¬ 
der  of  magnitude  of  the  shifts  and  splittings  of  deep  levels  at  a  Ga.As/AI^Ga|«  ^As  interface  is  OJ 
eV,  depends  on  .v,  and  becomes  very  small  for  impurities  more  than  about  three  atomic  planes  av  ,jy 
from  an  interface.  Deep  levels  in  the  GaA,>  quantum  wells  experience  level  shifts  due  to  (i*  penetra- 
i  tion  of  their  wave  functions  into  the  more  electropositive  AI^Ga*  As  layers,  (il^  the  hand  ofTsci, 

and  (iii)  quotum  confinement.  The  cation  vacancy,  when  brought  close  to  a  GaAs/AhGa,  ,,As 
interface,  may  undergo  a  shallow-deep  transition.  These  predictions  are  based  on  a  periodic  su¬ 
perslab  calculation  for  unit  superslabs  with  total  thickness  nGa.Asl-rhAl^Gai.,  As)  as  large  ,is  102 
A  or  ,V|-r.V;=;36  ivvo-aiom-thick  layers.  The  Hamiltonian  is  a  tight-binding  model  in  a  iiyorid 
basis  that  ts  a  generalization  of  the  Vogl  model  and  proper!)  accounts  for  the  nature  of  intcrfac.,tl 
i)onds.  The  deep  levels  are  computed  by  using  the  theor>  of  Hjulmarson  et  ai  and  ilte  special- 
points  method.  Our  results  indicate  that  some  normally  shallow  donors,  such  as  Si  can  becour., 
deep  levels  at  cer'  un  sites  in  the  superlattice  :  a  ^-esult  of  local  fiuctuations  in  alloy  composition  .v 
or  layer  thickness  uGaAs). 


I.  INTRODUCTION 

Modulation  doping  of  GaAs/Al.^Ga|^,^As  superlai- 
lices,'**  by  which  Si  impurities  are  inserted  into  the 
large-band-gap  Al,  Guj^^As  layers  of  a  superlattice  but 
donate  their  el  ectrons  to  the  small-ba*id-gap  GaAs  layers, 
has  already  played  a  role  in  the  development  of  high¬ 
speed  lll-V-compound  semiconduciive  devices.  Howev¬ 
er,  practical  devices  bused  on  Al^Ga|_  ,As  often  are  lim¬ 
ited  to  alloy  composition'-*  .v  <0.3  bccau.se  of  the  inabilitx 
of  Si  to  dope  n  type  for  a*  >0,3,^  apparently  because  of 
the  formation  of  Si-related  centers  that  are  deep 
traps. Furthermore,  some  devices,  such  as  HEMTs 
thigh-electron-mobility  transistors)  operate  using 
quantum-well  '•tructures**  at  or  near  GaA.s/ 
Al^Gaj_  ^  As  interface'-  anJ  the  performance  of  these  de¬ 
vices  depends  on  the  doping  te.g.,  bv  Si),  the  allov  compo¬ 
sition  A.  and  the  superla'iice  structure.*'  Clearlv,  a 
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theory  of  impurity  levels  in  supcrlattices  and  lu  ostruc- 
lures  is  needed  to  un  !ersiand  the  conditions  under  which 
a  specific  impurity  produces  sliallow  donor  levels  and 
“dopes"  the  semiconductor  versus  the  conditions  for 
deep-trap  formation  and  the  trapping  of  earners.  That  is 
the  purpose  of  this  paper.  Das  Sarnia  and  Madhukar**^ 
have  previouslv  discu.v^ed  the  d^Cj  level>  of  vacancies  in 
some  superlatiices,  but,  to  our  knowleuge,  the  present 
work  is  one  of  me  first  sysiemaiu  studies  of  the  cnemical 
trends  of  deep  impuritv  levels  m  superla(t*ces. **  We 
do  know  that  Hjalmarson, *  Nels^  n  vt  a!,,*'  and  Lannoo 
and  Bourgoin**^  are  siudving  deep  level  m  parallel  with 
our  effort,  however,  tlihuugh  w.  are  not  fullv  aware  of 
the  current  stale  of  il.eir  work.  This  is  also  the  first  treat¬ 
ment  of  defects  in  laige-lavcr  superlatiices.  Wv  consider 
unit  supercells  ivpicullv  -!•  atomic  planes  thick.  Ttie 
iheorv  developed  here  is  .nt  c.Mcnsion  to  supciiamces  of 
the  iheorv  of  Hju’marson  et  u/.'”  of  deep  impuntv  levels 
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/inirihe\buik,  which  has.  successfully  predicted  ,  deep 'lev 
an^ihejr- wave  functions. 

% 

11.  F6R.M.ALiS.M 
A.  Host  Hamiltonian 

We  treat<  a  periodic  GaAs/Al^tGai.^As  superlattice 
whose  layers  are  perpendicular  to  the  [OOl]  direction. 
We  employ  a  nearest-neighbor  tight-binding-Hamiitonian 
with  ah  basis  of  five  orbitals  at  each  site.  Our 
Hamiltonian,  in  the  limi.  ;t  =6,  is  identical  to  the  VogI 
model  for  GaAs.  Some  differences  are  introduced  be¬ 
cause  of  the  superlaitice.  which  we  treat  using  a  su- 
perhclix  or  supercell  method,  the  superlatticc  we  con¬ 
sider  has  W|  two-aton-ihick  layers  of  GaAs  and  .V;  iwo- 
atom-thick  layers  of  Al.v.Gai_^ As  repeated  periodically; 
the  GaAs  and  Al.,;Ga|_^As  are  assumed  to  be. perfectly 
lattice  mashed.  We  denote  this  superlattice  either  as  a 
{GaAs),v,/(AljjGai_,,As),v,  superlattice,  or  as  a 
GinAs/AI^Gai.^As  superlattice  with  A'|  GaAs  layers 
and  A'j  Al^Gai;.,As  layers,  or  as  ah  WiXA'j 
GaAs/Al,^Ga|_,v As  superlattice. 

We  first  define  (for  the  case  a  »l)  tx  superhdix  or  su¬ 
percell  as  a  helical  string  with  axis  aligned  along  the  [001] 
or  z  direction  consisting  of  2A’,  +  2AN  adjacently  bonded 
atoms  As,  Ga,  As,  Ga,  As, . . . ,  Ga,  .As,  Al.  As,  Al,  As, 
Al, . . . ,  As,  Al.  (For  X55I.  replace  Al,  by  .Al;,Ga|__,. ) 
The  center  of  this  helix  is  at  L  and  each  of  the  atoms 
of  the  helix  is  at  position  L+Wu  (for  H 
-  ...  i ,  2A'|  -h  2.V;  - 1 ).  A  superslab  of 
GaAs/Al^Ga).., As  consists  of  all  such  helices  with  the 
same  value  of  L.  and  all  possible  different  values  of  L, 
and  Lv,  and  the  superlattice  is  a  stacked  array  of  these 
supersiabs.  If  the  origin  of  coordinates  is  taken  to.be  at 
_ _ : _  -  _ _l 

HiO.O)  //(O.l)  0  0 

Hill]  m\,2)  0  0  •••  0 

0  //•(1.2)  H{2.2)  //(2,3)  0  0 

•  •  • 

•  ft  t 

The  last  row  of  blocks  is 


|i/•(0,2A’,-{-2A^-l)  0  0  0  //•l2A',-:-2A',-2i 


Here,  Hlp.P')  depends  on  k  and  is  given  in  terms  of  vari¬ 
ous  5x5  matrices  for  difTereni  v  and  v*. 

The  diagonal  (in  [J)  5  x  5  mats  i.\.  at  site  /?,  is 

c  .  0  0  0  0  I 

0  7-  T  r| 

H[p.P)=iv,l3,k  H  v'./?,k>=  0  T  ct,  T  Tl 

0  T  T  C;,  T. 

0  T  T  T  c;,  j 

‘5i 


an  As,  atdthj  the.  x;  and -ji'~a.\es.’are  onented/such  that  ;a 
heighb'orihg  cation  is'at  (;|,^,:].;)a,  ,  wherc^^  Ihclattice; 
edhsiant'.  At- each  site  there,  are  basis  prUtals 
i«,L.y/(i.,  where  -v.  -Av,  A" 

^=0,;1,2, . ...  ,2^1 -i-iAV— 1.  From;  these  basis  orbftais' 
we  form  the  sp‘'  hybrid  orbitals  at  each  s|te  R=(L,v^). 
the  hybrid  orbitals  are 

!7i,.R)  =  [is,R)-fA|p,,.Rl-}-/.  p,..R)-f4.p..R))/2  . 

j  /i  j ,  R ) = ( I  Si.R )  -{-  A I  .  R' !  j  p ,  R )  -  4  •  p . ,  R ) )  /2  , 

!/t5,R)=(  |s.R)-7vlp,,R)-rA!p.,,Rl-4.p.sR))/2  , 
and 

|/t4,R),=(  |.s.R)-A|p,,.R)-/.:p^..R)-f7.:p...R)]/2  , 

(1) 

where  A  = -hi  (-11  for  atoms  at  anion  (cation)  sites. 
Ne.xt,  we  introduce  the  label  v-^s*,  /t|,  /ij.  or  /14,  and 
our  hybrid  basis  orbitals  are  j  v.R).  In  terms  of  these  or¬ 
bitals  we  form  the  tight-binding  orbitals*^ 

1  v,/S.k)=W;’'/*X«p(/k-LT'l  ‘v^l!  v.L.v^l ,  (2) 

L 

where  k  is  (in  a  reduced-zone  scheme)  any  wave  vector  of 
the  minizohe  or  (in- an  e.'uended-zotie  schenie)  any  wave 
vector  of  the  zinc-blende  Brillouin  zone.  Here,  A’,  is  tne 
number  of  supercells. 

The  minizone  wave  vector  is  a  good  quanturh  number, 
and  so  the  tight-binding  Hamilioni;;n  is  diagonal  in  k. 
Evaluation  of  the  matrix  elements  iv./J.k  H  v'.fJ'.k) 
leads  to  a  tight-binding  Hamiltonian  of  the  block- 
iridiagonal  form.  For  diflereni  ^  and  P‘,  the  first  three 
rows  of  block  matrices  are 


where 


=ie, -r3c^)/4  (6) 

is  the  liybrid  energy,  and 

?■=!£  -£,i/4  (7) 

i,'  ilie  hybrid-hybrid  inieraetion:  the  energie.s  and 

T\v.  H  p.p'  refer  to  the  atom  ut  the/Jtb  .site,  and  may  be 
ubt.i:ned  from  the  etiergie-S  u'  ttibidated  by  V’ogl  e/  ai.'^ 
To  uecotim  for  tiie  obsersed*'  vaieiuv-oe.nd-edge  di.seon- 
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'tiriuHy  of.  the^dif^t  bahdvgap,^^  a  ainstaht  is 

•added  .to  e^,  and'E/,  for  Ali,Ga|..,,  As;  this,  constant  is  ad* 


.V,=:-Vj-CC. 

The  bff-diagohal  matrix  •.•lenients  (v,/?fk'|!ff  \  y%l^,k) 


justed^  ;t6.  give  the  valence-band  maximum-,  of  or /f  (/?.^0:are  best  expressed  in  terms  Qf. matrix  elements 
Al^Gai  _.,Xs  below  the  valehce-band  maximum  df  GaAs  of  ^  between  x*.  x,  and  p  orbitals.  This  il accomplished 
by  32%  of  the  difect,-band*gap  diiference  in  the  limit  by  ti;c  transformation. 


<v,i9,k|  H  2  avjt0)C{v\nl;P'){n,P,k  j  //  • 

where  we  have  the  s*!vp''  tight-binding  functions. 

\n,p,k)=^i\’f''‘'  2  e.xp(/k'L+/k*v,^)  i  hiL.V/,1  , 

L 


and  the  5  N  5  matrices  C(v,h  ;/?)  arc 

s*  s  />,  py  p, 

(  I  0  0  0  0 

A,  b  j  +X/2  +A./2  +A,/2 

0  -S-  -f-X/a  -A/2  -A/2  ' 

/I,  0  j.,  -A/2  -hA/a  -A/2, 

.A4  ;  0  -A/2  -A/2  -{.A/2. 

•where  A=5.  v  I  ( -r  I  >  if/?  refers  to  an  anion  (caiioh). 

There  are  several  distihct.cases  for  which  the  off-diagonal  lin  matrix  elements  (M,/J,k|f/  |«',/?',k)  are  nonzero 

I,  Iniramateridt  matrix  eUmentt 

If  /3  and  both  refer  to  nearest-neighbor  sites  in  the  sanic  material  (either  the  GaAs  or  the  Al.,Ga|__^As),  we  have 
(assuming  (3  ar.d'/^*  are  in  material  number  1.  the  GuAsi.  for  e.xample. 

(rt./3.k|//|«',/3'.k)=/f„„.  (11) 

if  P  refers  to  a  cation  and  /?*  refers  to  an  anion.  Hcu\  is  a  5><5  matrix  whose  rows  and  columns  are  labeled  by  «,  which 
ranges  over  the  values  s*,  s,  p^,  Py,  and  Similarly,  we  have  matrix  elements  /faici*  and  fffjaj.  These  matrix 
elements  are. 


0 

0 

-y(s*c,pa)gf„ 

-r(s*c,pa)gf„ 

-K(s*c.pa)g5^^ 

0 

k'(s.s)go!r<i 

-  nsc.pa)gf„ 

~y(sc,pa)gj„ 

-  K(sc./?a)g5^ 

K(j*o.pcJgr„ 

yisq,pc)gj^ 

n.x.y)g5„ 

F'(s*o.pc)gf„ 

V{sa,pc)g^„ 

yfXil'igg^fi 

l'(jf.-V)gocu 

k'(s*a.pc)go<o 

y(sa,pc)gSea 

^(x>y>stca 

0  0  V(s’a,pc)Siac  -ns'a.pclgiac 

0  nS.Slgoaf  ^^Sa.pc)Sx^c  -  >'(sa.pC  )g|ar 

^«ici=  -V(s*c,pa)gx„^  -K(sc.pa)g,a^  - »'(-V.y)goac- 

r(s*c,pa)g,ac  V{sc,pa)g,^^  -y>x.y)g,^^.  n.v,.v)g,vo 

K(5''e.pa)goac 


-  K(s*a,pc)g^r 
-  y{sa,pc)go^^ 


All  of  the  matrix  elements  K  are  those  tabulated  by  Vogl  er  a/.**  for  material  number  1  •%iz.,  GaAs).  Identical  expres¬ 
sions  e.xist  for  //„:,>  and  //^jai*  with  Al^Ga, .  ,  As  matri.x  elements.  (The  AI^Gai  ,  As  matrix  elements  are  obtained  by 
a  virtual-crystal  average  of  the  Vogl  matrix  eiemeni.s  for  AlAs  and  GaAs.  x  times  the  corre.sponding  .AlAs.matrix  ele¬ 
ments  plus  l  —  jc  times  the  GaAs  marrix  elements.) 
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2;  Iniermdtefial'matrix  elements 

At  the  interface  bet\veen=GaAs^and  Al^,Ga,_.^  As. there  will  be  nonzero  'matrix  elements  of  H  for  each  bond  between 


nearest  neighbors.  Thcse-afe-Hajfj  arid7/f2oi! 

0 

0 

V{s*a,pc)Siac  - 

V{s*a,pc)gi^f 

-  V(s*a,pc)gff,, 

0 

F(5, '/)gOflc 

y[sa,pc)gu,c  - 

-F(.va,pc)gi^r 

-l'{sa,pc)g(,,. 

^a2c  \  ' 

-'F(5C,pa)g|„(. 

--k'(A-,p)go<,(. 

-y^x,y)gu,f 

F(5*C,pfl)g,„f 

F(5e,pa)g|a., 

-  I'(.«.y)go<;c 

y^x,y)g^^f 

Vis*c,pa)gQ,^ 

1 

F(5C, pa  )goac 

yix,y)g^,f 

and 

0 

0 

-n5*e,pa)gfflj, 

l'{s*c,pa)gif 

y(s‘’c,pa)g^^ 

0 

•  —  V(sCfpa)g 

V{sc.pa)glf 

yisc,pa)g^,f 

^c2a{  — 

F(5*fl,pc)gfu, 

K(a:,x)goa(. 

- 

-y(x.y)gif 

~F(5*a,pc)g|;„, 

-F(5a,pc)gr^,. 

-  yix,y)sLc 

Vix.x)g^f 

y^x.y)gif 

-V{s*a,pc)s^, 

-  V{sa,pc)gl,f 

-  n.v.yOg  if 

y(x,x)g^f 

Her^.  the  Yogi  matrix  elements  are  those  for  the  bond  in 
question:  If  the  cation  is  Al^Ga|_,^  and  the  anion  is  As, 
then  the  matrix  element  is  the  Al,,Ga,_jAs  matrix  eie- 
ment  obtained  by  a  virtuahcrystal  average  of  the  AlAs 
and  GaAs  values.  We  also  have 

g0fa=exp(/k-d,)-he.xp(/k'd4) , 
Sico=exp{/k-d|)-exp(/k'd4) , 
goac=exp('k’d;)-re.\p(/k‘d.,)  , 

and 

giaf  =exp(/k‘dj)— explik’dj) ,  (16) 

where  we  have  4dj/a^  =(1,1,1),  (1,— 1,— 1),  and 

(— 1,1,— 1),  and  <  -1,— 1,1)  for  /  =  1,  2,  3,  and  4,  respec¬ 
tively.  Here,  is  the  room-ternperature  lattice  constant 
of  GaAs,  5.653  A,  which  we  assume  is  equal  to  that  of 
Al,Ga,.,As.'« 

In  this  work  we  study  deep  impurity  levels  in  superhel¬ 
ices  as  large  as  A’l  -bA'i  =20;  that  is,  in  40-atom-thick  su¬ 
perslabs.  The  dimension  of  the  Hamiltonian  matrix  at 
each  value  of  k  is  5(2A^i  +  2A% ),  because  there  are  five 
orbitals  per  site.  We  diagonalize  this  Hamiltonian  nu¬ 
merically  for  each  (special  point)  k,  finding  its  eigenvalues 
and  the  projections  of  the  eigenvectors  h',k)  on 
the  *  v,/?,k)  hybrid  basis:  (v,/?,k  j  y.k).  Here,  )' is  the 
band  index  (and  ranges  from  1  to  200  for  A'i=A';  =  10i 
and  k  lies  within  the  mini-Brillouin  zone  in  a  reduced- 
zone  scheme  or  within  the  GaAs  Brillouin  zone  in  an 
extended-zone  scheme.  (We  assume  that  Ga.As  and 
Al,Ga|_,  As  are  perfectly  lattice-matched. •''t 

B.  Deep  levels 

The  iheorj  of  deep  le\els  is  ba.sed  on  the  Green’.s- 
fuiuiion  theor>  of  Hjalmar.son  el  ul.,-'  which  solves  ih. 


I 

secular  equation  for  the  deep-level  eneigs  E, 
det[l-G(£)Kl 


=0=det 

1-P  / 

h[E‘-m- '' 

dE' 

j 

£-£■ 

Here,  V  is  the  defect  potential  matrix,'®  which  is  zero  ex¬ 
cept  at  the  defect  site  and  diagonal  on  that  .site, 

local  basis  centered 
on  each  atom.  We  also  have  (7  =l£  —H)~\  where  H  is 
the  host  tight-binding  Hamiltonian  operator.  The  spec¬ 
tral  density  operator  is  SiE'—H)  and  P  denotes  the 
principal-value  integral  over  all  energies.  In  the  funda¬ 
mental  band  gap  of  the  superlattice,  G  if.  real. 

1.  Poinhgroup  analysis 

A  substitutional  point  defect  in  either  bulk  Ga.As  or 
bulk  Al_fGa|_^As  has  tetrahedral  iTj)  point-group  sym¬ 
metry  (assuming  a  virtual-cry.sial  approximation  for 
Al,Ga|_,As).  Each  such  jp'-bonded  defect  normally 
has  one  5-like  ( ^  | )  and  one  triply-degeneraie  p-like  (Tj) 
deep  defect  level  near  the  fundamental  ba' d  gap.  If  we 
imagine  breaking  the  symmetry  of  bulk  Ga.As  by  making 
it  into  a  GaA.s/GaAs  superlattice  along  the  [Qjil  direc¬ 
tion,  we  reduce  the  7,/  .symmetry  to  If.  in  addition, 
we  change  alternating  slabs  of  Ga.As  to  virtual-crystal 
Al^Ga,..,.As,  forming  a  GaAs/Al^Ga, .  ^As  superlat¬ 
tice,  then  the  point-gi\nip  sy  mmetry  of  a  general  substitu¬ 
tional  defect  is  C,,..  (For  .selected  Mtes.  e.g..  at  the  center 
of  a  materi:il.  the  .symmetry  can  be  liighei,*  Note  that  the 
C,..  symmetry  we  find  diflers  from  tliai  ct  Ref.  14.  In  the 
GaAs/.Al^Gai.^As  superlattice  the  I  and  deep  lev¬ 
els  if  the  bulk  GaAs  or  .-\ljGa;  ^.As  produce  two  a^  lev¬ 
els  one  .v-like.  derived  from  the  1-vel,  and  one  7.- 
derived  /?.-likel.  one  b^  level  [  p,  -p,  like],  and  one  A, 
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Of  course,  for  :nipu:::ics  far  from  a 
Ga  Vs/Ai^Gaj.jj/V*  iujerface,  ?he  5-I;ke  a.  icvd  will  hav- 
anenergy  very^closc-io  ihe.cncrgyofabulk  level,  and 
iht  a  I  !eveLand==he  b*  and  levels  will  He  close 

ly  ihe  bu:k  7*  level  also.  We  normally  expect,  to  find  the 
r^-derived  level  between  the  6,  and  6^  levels,  but  if 
ihedeveLHes  clo^To  the  valencc-band  maximum,  then 
the  spHning  of  the  valence-band  edge  into  a 
and  (p^  — py  »-like  maximum  with  a  p:-Hke  edge  at  slightly 
bwer  energy  ‘because  of  the  smaller  effective  mass)  may 
cause  the  O:  deep  le'.  cl  todie  lower  in  energy  than  the  b, 
and  b,  Icveis.by  a.comparable  energy  [see  Eq.  ‘17)].  Note 
that  this  spliftihg  exists  even  for  defects  distant  from  the 
interface  and  i^a  consequenceiof  theidifferem  host  spec- 
tralr  densiti^  in -the  supcrldttice  for  Oj  and  bf  and  bi 
stales;  /  ' 


2.  Secular  equations 

The  secular  equation..  £q.  1 P'?  is  reduced  by  syrnmcirv' 
to  the  following  three  equations: 


G(6,:£)=I7‘ 

for  bi  levels  , 

(IS) 

Glb.:E)=yf' 

for  levels  , 

'19) 

and 

1 

G(s,s;£)I' -1 

G<.'-r;£)t',  | 

det 

G(r.5;£)k; 

Glz/z:EW^-\  i=°- 

i2a» 

for  a  I  levels,  where  we  have 


i  f7;„/5f.k  j  j  K,k>j:- 


■  2{_£-£.,k-3 


G{6j;£)=2;- 

f.k 

-G{5,5;£)=  2  ■ 
•/.k 

G{z,z;E)=2 

".k 


Ult.JiM  y,k)^(A3^.k  j 

'  .2(£— £„j55” 

j;l/j|.3?,k!’/,k)-f  .  y,k)  +ihi,0^k  \.Y,^)-k-Vii,p,k  1  -/..k)  |  - 

4(£.-£„.k) 

i  {/i  y,k\-Gti;Pik.i!Y4k)  - [h ;,/3. k  j  y, k >  +  ( /» 4,^, k '  v, k >  |  - 


4{r-£y.k) 


'21) 


(22) 


123) 


(24) 


and' 


G{s;z;E)=  2  [Uh,P.k\  y.k)+(/i,,jS.k  1  y,-k)-f(/r3,ftk  |  y,k) +{h^,l3,k  \  y.k>] 

j'.k 

X[(/i,,/3,k  !  K»k)-(b2,^,ki  7, k>-(b3,/?,k  ;  y,k)^(b4,i3, k  I  7, k)]*'(4(£ . 


(2'5) 


f 


Here,  GlZjS;E)  is  the  Hermitian  conjugate  of  G(SjZ]E) 
and  /<  is  the  site  of  the  defect-in  the  superlattice. 

For  each  /?  the  relevant  .host  Green’s  functions,  Eqs. 
(21)-(25),  are  evaluated  using  the  special-points 
method,’^  and  the  secular  equations  (IS ^-(20)  are  solved, 
yielding  Eib^;f^pl  £(b,;K^),  and  two  values  of 
£(a,;F^,K^).  The  defect-potential  matrix  elements 
and  Vp  are  obtained  using  a  slight  modification  of 
Hjalmarson\  approach. For  iVj  =iV2=  10,  there  are 
40  possible  sites  (i,  each  with  four  relevant  deep  levels: 
two  flj,  one  b|,  and  one  bi\  thus  there  are  160  levels. 

i.  Special  points 

For  our  studies  of  deep  levels  in  the  band  gaps  of  su- 
porlatticcs,  we  consider  only  supcrlattices  such  that 
(.V|  -f  .V2)/4  is  an  integer.  In  such  cases  ihe'Sum>  over  k 
*n  Eqs.  (2n-f25)  can  be  performed  using  12  special  points 
k=(n'/4a/^  )u,  where  we  have  the  value  u  and  the  weight 
w  of  each  special  point  (7.3. ^5.3,1;-:: K 

(3.3,i:,M.  (KM;i  .  f-7,3.-l:H. 
^ -5.3.- 1:1  J,  (-7.U-l:l», 


(-3,3, -l;l),  and  (-1,1, -I;!).  For  (iV|q-.V,i/4  an 
integer  and  a  GaAs/GaAs  superlatlice,  either  the  finst  six 
or  the  last  six  special  points  would  be  sufficient  to  give 
the  Green’s  function  at  any  site  in  ihe  superlatiice  with 
the  same  accuracy  as  Chadi’s  and  Cohen’s"  ion  special 
points  for  bulk  GaAs,  which  are  known  to  give  an  ade¬ 
quately  accurate  bulk  Green’s  function.  However,  for  the 
GaAs/AI^Gaj_^As  superlaip'ce,  12  special  points  are 
necessary  because  of  ihe  reduction  of  symmetry  from  D2fj 
to  C21,  from  GaAs/GaAs  to  GaAs/Al^GUj^^As. 

in.  RESULTS 
A,  Host  band  gap 

Our  calculations  produce  £j.j^,  the  superlaitice  band 
structure,  including  the  band. gap,  which  e.xhibits  a  par¬ 
ticularly  interesting  behavior  as  the  thickne.ss  ^of  the 
GaAs  slabs,  /(GaAs)  =  iV,n,/2  (where  r/,  — 5.653  .A  is  the 
lattice  constant  ol  GaAsi.  or  the  number  of  GaAs  lavers. 
,Vj,  becomes  small  in  comparison  with  the  thickness. 
/i.Al^Guj  ^.As)  =  .V2a2/2.’'  or  the  number  of  layers.  .V.. 
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of  AljpGa|_jj.As.sIafas:  The  smdlKbahd-gaf.'GaAs  layers* 
become  quantum  wells  surrounded  by  'large-band-gap 
AljjGa,^jjAs  CRg.  4).  As  a  result,  the  band  gap  of  the  su- 
perlatlice  increases  from  the  GaAs  band  gap  toward  the 
Al^Ga,_jjAs  band  gap  as  Xt  decreases  (for  iV^  large). 
(Qualitatively  similar  results  for  smaller  A’j-r.Vs  super- 
lattices  have  been  reported  by  Schulman  and  McGill  for 
GaAs/AlAs  super!atiiccs.’"*t  This  is  demonstrated  by 
the  calculated  results  of  Figs.  2  and  3.  The  band  gap  was 
taken  to  be  the  smallest  gap  found  at  one  of  the  following 
k=(2ar/a|^)S  poin;>  of  the  mini-Brillouin-zonc: 
S=(OA0),  (0,0,r),  UA.rl  t f4,0),  (K0,rK  and  tlAO), 
where  we  have  r=(iYi-r-V2)“*.  For  A'|  large,  the  gap 
was  invariably  at  k=r =(0,0,0),  but  for  small  A^j  and 
large  x  (somewhat  larger  than  0.3)  it  was  somei*TiCS 
found  at  S={j,^,r)  or  (-,3,0).  For  example,  j'n  Fig.  2 
we  see  the  results  for  A^|  x  A"-  GaAs/Alo.7Gao,:As  super- 
latiice^:  (he  valence-band  maximum  is  at  F  and  the 
conduction-band  minimum  for  thick  GaAs  layers 
ttV,  >8)  is  also  at  F.  However,  for  thinner  layers 
(2<A’,  <S)  the  wave  vector  of  the  superlailicc 
conduction-band  minimum  is  at  (2r/a|^  and  the 

superlatlice  states  associated  with  this  minimum  are 
largely  derived  from  Ga.As  conduction-band  stales  from 
near  the  L  ^oint,  {2;r/a^  of  the  bulk  Brillouin 

zone.  This  is  the  case  because  the  L  point  in  the  bulk, 
(2;r/j^){|,4,y),  is  the  sum  of  (lir/aj  )l^A,0)  and 
(2r/a^  )(d,0,4'),  and  the  bulk  point  (2tr/a£^  )l 0,0,4)  corre¬ 
sponds  to  F  =  (0,0,0)  in  the  superlatlice  Brillouin  zone  for 
A’,-f-A%  even.  In  the  thinnest  superlattices,  A^,^l,  the 
Al^Ga,_,.As  A'  point,  (2;r/fl|^ )(0,0,1),  is  reflected  in  the 
superi  ittice  conduci:on-band  minimum.  Tiicse 
conduction-band  minima  away  from  tiie  F  point  of  the 
superlattice  Brillouin  zone  have  severe  consequences  for 
the  optical  properties  of  small-period  GaAs/Aly jOuq  ; As 


.superiattices:  the  supcflaUiccs  will  he:indireci-band-gap 
materials,  and  .Kpiice  wiih  be  poor  candidates  for  light- 
emitting^  devices.  For  A* ,  =  1  in  Fig.  2;  the  band  gap  is 
direct  and  thciiuperlauice  conduction-band  ininimUm  is’ 
at  F,  although  this  minimum  is  defivedTrom  the  Y  point 
of  the  .Aly  -Ga,,  ;.As  band  structure,  and  .so  one  should  e.v- 
pcct  the  direct  transitions  associated  with  it  to  be  weaker 
than  those  associated  with  the  Ga.As  F  minimum  for 
A'  I  >  S.  for  c.xaniplc. 

The  band  gap  is  somewhaimiore  sensitive  to  changes  of 
the  GaAs  layer  thickness  than  to  changes  in  the 
.AI^Gaj^^.As  layer  thickness,  as  demonstrated  in  Fig.  3. 
This  sensitivity  of  the  superlatlice  band  gap  to  the  GaAs 
layer  thickness  is  imporianiTor  the  physics  of  deep  levels 
in  superiattices  because,  as  we  shall  see  below,  the  deep 
levcl.>  have  energies  relative  to  the  GaAs  valence-band 
maximum  that  vary  relatively  little  with  the  thickness  of 
the  GaAs  layers.  Hence  a  deep  level  that  is  near  the 
conduction-band  edge  but  within  the  gap  in  a  GaAs 
quantum  well  can  be  “covered  up*'  and  autoionized  by 
the  conduction-band  edge  when  the  Ga.As  layer  ihicknes*' 
is  increased  and  the  conduciicm-band  edge  descends  in 
energy,  while  the  deep  level  remains  at  a  relatively  con¬ 
stant  energy  trig.  4k  Here  it  is  important  to  remember 
that  we  use  the  new  definition  of  a  “deep**  leve!*^  as  one 
that  originates  from  the  perturbation  caused  by  the 
central-cell  potential.  (This  contrasts  with  the  old 
definition  as  a  level  that  lies  within  the  band  gap  by  at 
least  0.1  eV.)  As  a  result  there  are  “deep  resonances'* 
that  lie  in  the  conduction  band.  abo\e  the  band  gap.  We 
shall  sec  below  that  Si  in  GaAs.  although  producing  only 
shall.  \v  levels  in  the  band  gap  of  bulk  GaAs  ^i.e.,  its  deep 
levels  are  all  resonances  that  lie  in  the  conduction  band) 
is  a  candidate  for  producing  a  deep  level  in  the  band  gap 
of  a  GaAs/Al^Ga|_^  As  supcriaiiice,  in  the  Ga.As 
quantum-well  limit.  For  neutral  Si  this  le\el,  when  in  the 
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FIG.  1.  Illustraung  ilu*  cfllvt  on  the  baiul  gap  /-SlJ  of  an  .V,  •  .\\  GaAs/Al  -Ga..  .As  superlatlice:  ta’ 

A .  =:.\ ,  ^  IS  and  (b»  A  ,  =  2.  A ;  ^.>4.  1  he  hand  uiges  of  the  superlattKc  are  dciuncJ  In  dunned  lines.  For  tins  alKn  composition  the 
Miperlaiuce  gap  is  iiulnecl  for  case  dn.  with  the  conducUon-baiul  edge  at  2^-/^/  K  I.Qi,  N\ne  the  bioken  energ>  scale.  The 
zero  of  energy  is  the  nilencc-h..-id  inaxiinum  oj  (JaA.y 
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Number  cf  GoAs  layers  N, 

FIG.  2,  Predicted  energies  (in  eV)  of  the  superlattice 
conduction-band  inihiina  ano  valence-band  maximum  with 
respect  to  llie  valence-band  maximum  of  bulk  GaAs  for  a 
v.]:tAs/AI;Ga|^,As  [001 1  superlattice  vs  reduced  layer 
thicknesses  ;V|  and  for  various  A^XA’:  [00!] 

GaAs/A^Ga,  ^As  superlatiices,  with  x  =0.1  and  .Y|-i-A^2 
fixed  to  be  20.  The  calculations  are  based  on  the  low- 
jtemperature  band  structures  .of  GaAs  and  Alo7Gao.  tAs,  with 
bulk  band  gaps  of  1.55  and  2.22  eV,  respectively.  The 
conduction-band  minimum  of  the  superlattice  is  at 
(2«/a^)(4»T.iO)  for  the  triangular  points,  at  k=0  for  the  circles, 
and  at  (2"/6rL  )(U0,0)  for  the  rectangle.  The  superlattice 
valence-band  maximum  is  at  k=0.  Note  the  broken  scale  on 
the  ordinate.  The  positions  of  the  band  extrema  of  bulk  GaAs 
at  r,  L,  and  /V  are  shown  on  the  right  of  the  figure,  at  =20. 


fundamental  band  gap,  will  be  occupied  by  one  electron. 
When  the  GaAs  layer  thickness  increases,  this  level  is 
covered  up  by  the  falling  conduction-band  edge  and  be¬ 
comes  a  resonance.  The  electron  in  the  resonant  level  is 
autoionized  and  relaxes  (e.g.,  by  phonon  emission)  to  the 
conduction-band  edge  where  it  is  a  shallow  donor  elec¬ 
tron,  donated  by  the  Si.  (In  the  present  theory,  which 
neglects  the  long-ranged  Coulomb  potential  of  the  donor, 
the  binding  energy  of  a  shallo^v  donor  is  zero;  in  a  more 
complete  theory,  the  Coulomb- potential  \yould  trap  this 
electron  at  zero  temperature  in  a  hydrogenic  orbit.)  A 
gratifying  feature  of  the  band-gap  calculation  is  that  we 
obtain  for  Ny  =  .Y2=  1  a  fundamental  gap  of  2.1 1  eV  for  a 
GaAs/AlAs  superlattice,  in  good  agreement  with  the 
measured  value  of  Ref.  35. 

B,  Defect  levels 

The  substitutional  defect  energy  levels  for  sp '-bonded 
impurities  can  be  evaluated  using  the  techniques  of  Hjal- 
marson  et  a/.,'*'  as  described  above  for  superlattices. 
When  interpreting  the  predictions,  one  should  remember 
that  the  absolute  energy  levels  predicted  by  this  fheory 
have  a  theoretical  uncertainty  of  a  few  tenths  of  an  eV. 
This  is,  of  course,  comparable  with  the  uncertainties  of 
the  other  sophisticated  theories  of  deep  levels  that  have 
been  presented  to  date.  Nevertheless,  the  theoretical 
unccrtainiv  is  a  significant  fraction  of  the  band-gap  ener¬ 
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FIG.  3,  Predicted  fundamental  energy  band  gaps  at 
k=0  (circles)  and  k={2r/a£,  ){tit»0)  (triangles)  of  a 
(GaAs).Vj..Al,Ga,^,As),\,  superlaitice  as  functions  of  reduced 

GaAs  layer  thickness  or  .AlxGa,^,^As  layer  thickness  for 
(a)  X  =0.3  and  tb)  .v  =0.7.  Note  that  the  variation  of  the  gap 
with  decreasing  from,  say,  8  to  4,  is  less  than  the  variation 
associated  w  th  changing  A',  from  8  to  4,  Note  also  that  the 
k=0  conduction-band  extremum  of  the  superlattice  m  (b)  is  de¬ 
rived  from,  the  X  poin*  of  the  .Alo.-Gao.iAs  band  structure  for 
Y,  <4  ,and  from  the  f  point  of  the  GaAs  band  structure  for 
iV,>4. 


gy,  and  so  one  must  not  use  theaheory  in  a  futile  attempt 
to  predict  absolute  energy  levels  with  high  precision. 
Rather,  the  theory  should  be  employed  to  understand  the 
chemical  trends  in  the  deep  energy  levels,  to  study  quali¬ 
tative  changes  in  level  structures  (such  as  a  deep  reso¬ 
nance  de.scending  into  the  fundamental  band  gap — the 
shallow-deep  transition),  or  to  suggest  e.xperiments  for 
testing  hypotheses  about  impurity  states.  One  of  the 
reasons  that  the  Hjalmarson  inodel*^'  has  been  so  success¬ 
ful  is  that  the  tight-binding  Hamiltonian*'  has  been  con¬ 
structed  with  manifest  chemical  trends  in  its  parameters, 
following  ideas  developed  originally  by  Harrison.'  Ear¬ 
lier  theories  sometimes  obtained  tight-binding  parameters 
bv  performing  least-squares  fits  to  the  band  structures  of 
the  semiconductors  being  studied.  Such  fits,  while  having 
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giyerivimpressive  band' structures,  oftenJackedf the  esseh- 
liallchernfttry  that- detiermines  -deep  levels,  and,.- as  a  re¬ 
sult',  those  theories  have  not  been  as  successful  as  the 
JHjalmarson  theory.  Indeed,  because  the*  Hamiltonian 
employed  in  the  Hjalmarson:theory  has  manifest  chemi- 
cal  trends-and  also  has  (by  construction)  the  correct  band 
gaps,  the  Hjalmarsohr  method  is^  comparably  accurate 
with  far  more  cumbersome  pseudopotentia!  theories  of 
deep  levels. 


/.  Dependence  on  layer  thickness 


.Al^^Gaj^^As.  layer  is  a  deep-  impurity,  hoi  a  shallow 
donor),  apd  :the  predicted  shalldvv-deep'  transition  fof'Si 
in  a  GaAs  layer  as.a  functioil-of  Ga.As  layer  thickness 
should  occur. 

Because  of  uncertainties  in  the  tl\e''*ry,  we  cannoi'**esti- 
maie  wiili^  precision*  the  la\er  thickness  .V,  at  which  the 
Si  level  in  GaAs  should  undergo  the  shallow-deep  transi¬ 
tion.  Based  oivthe  general  structure  of  .the  curves  of  Fig. 
4,  it  probably  occurs  for  A’,  -  6  and  a  GaAs  layer  thick¬ 
ness  of  order  cs  17  A  or  less. 

A  similar  analysis  can  be  made  of  the  behavior  of  other 


Figure  4  displays  the  dependence  on  GaAs  reduced 
layer  thickness  Ny  of  the  deep  Ga-site  A  y  level  of  a  Si  im¬ 
purity^*  //;  the  middle  of  a  GaAs  layer  in  a. 
GaAs/Alo.7Gao^^^As  su’^erlattice.  As  the  size,  A\,  of  the 
GaAs  layer  shrinks,  the  deep  levels  remain  relatively  con^ 
Slant  in  energy  with  respect  to  tlie  GaAs  valence-band 
maximum,  while  the  conduction-band  edge  of  thb  super- 
lattice  increases  in  energy — progressively  uncovering  the 
once-resonant  deep  leVel  of  Si  and  converting  this  shallow 
donor  impurity  into  a  deep  trap.'^^  This  shallow-deep 
transition  as  a  function  of  GaAs  well  size  Ny.  to  our 
knowledge,  has  not  been  anticipated  in  the  literature — 
and  has  consequences  for  GaAs/Al.^Gai_^.As  super  lat¬ 
tice  and  quantum-well  devices,  because  it  implies  that  the 
most  common  dopant,  Si,  may  become  a  deep  electron 
trap  rather  than  a  shallow  donor  in  GaAs. 

Also  note  (Fig,  4)  that  when  Si  in  a  GaAs  quantum 
well  becomes  a  deep  impurity  with  its  deep  level  in  the 
fundamental  gap  of  the  superlattice,  this  level  (with 
respect  to  the  Ga.As  valence-band  maximum)  generally 
lies  at  a  higher  energy  than  Ilje  bulk  GaAs  band  gap,  at 
lower  energy  than  the  Si  deep  level  in  an  Al^^Gaj^^As 
layer,  and  beiow  the  superlattice  and  bulk  Al^^Gaj„  ^As 
alloy  conduction-band  edges.  Because  Si  in  an 
Al^Ga^^^As  layer  lies  at  higher  energy  than  Si  in  a 
GaAs  layer,  it  is  possible  to  move  the  conduction-band 
edge  up  by  reducing  the  width  of  the  GaAs  layers  and  to 
achieve  a  situation  such  that  Si  in  a  GaAs  layer  is  a  deep 
level,  but  that  Si  in  an  AI^Ga,_^As  layer  is  a  shallow 
donor  with  respect  to  the  superlaitice  (but  not  with 
respect  to  bulk  Al^^Gaj.^^As)  because  its  deep  level  lies 
above  the  superlattice  conduction-band  edge,  but  below 
the  bulk  Al^Gaj^^^As  conduction-band  edge.  In  the 
more  common  case  for  ver\  thin  GaAs  layers.  Si  in  both 
Ga.As  and  Al^Gui.^As  layers  will  produce  deep  levels 
below  the  superlattice  conduction-band  edy.,  that  is, 
since  the  superlatlice  band  edge  lies  below  the 
Al^.Gaj_^As  band  edge,  for  Si  to  be  deep  m  a  thin  GaAs 
layer  requires  Si  to  be  a  deep  level  in  bulk  Al^Gaj.^As 
as  well.  Because  of  this  requirement,  and  the  fact  that  Si 
successfully  modulation-dopes  GaAsAAl^Ga,.^ As  su- 
perlatiices  for  .v  <0.3  ^suggesting  that  Si  is  a  shallow 
donor  in.  for  example,  .Alt,  ^Ga^,  j,.As),  we  doubt  that  the 
.shallow-deep  transition  as  a  function  of  A’^  will  be  ob¬ 
servable  in  GaAs/Al^Guj  ,.As  for  .y  For  .v  nO.3. 

ho\\e\er.  Si  in  bulk  .Al,Ga»  ^As  is  almost  ccriainh  a 
deep  le\el,^  modulation  doping  with  Si  in 
GaAs/.Al^Ga^  ,.As  supcriallices  should  require  thermal 
activation  or  tunneling  (presumably  because  Si  in  an 
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FIG.  4,  Illustrating  the  deep-to-shallow  transition  as  a  func¬ 
tion  of  GaAs  layer  thickness  .\\  in  a  GaAs/.M,Gai«.^.As 
A'lXlO  superlatlice  <SU  with  .v  =0.7  for  a  Si  impurity  on  a 
column-III  site  in  the  center  of  a  GaAs  layer  of  the  superlatlice 
host.  The  conduction-band  minimum  (CBMj  and  valence-band 
ma.\imuni  (VBM)  are  indicated  by  light  solid  lines,  The  Si  deep 
level  ts  denoted  by  a  heavy  line,  which  is  solid  when  the  level  is 
in  the  gap  but  dashed  when  the  level  i>  resonant  \uth  the  con¬ 
duction  bund.  The  deep  level  in  the  *no  gap  for  .V,  <6  Is 
covered  up  by  the  conduction  band  as  .i  esuli  of  changes  in  the 
host  for  .V,  >6.  The  impuriiv's  deep  level  lies  m  the  gap  for 
A’l  <6  and  is  occupied  by  the  e.xira  Si  electron;  the  Si,  in  this 
case,  IS  thus  a  ‘*deep  impurii\."  For  .V^  >6  the  deep  level  lies 
above  the  conduction-band  edge  un  a  resonance.  The  daughter 
electron  from  the  Si  impurity  which  was  destined  for  this  deep 
level  IS  autoionized,  spills  out  oJ  the  deep  resonance  level,  and 
falls  to  the  conduction-band  edge  (ligiu  solid  line*  vvliere  it  is 
subsequent lv  bound  (at  low  temperature*  in  a  shallow  level  asso¬ 
ciated  with  the  long-ranged  Coulomb  potential  o;'  the  donor  (in¬ 
dicated  bv  ilie  siiort-^iashed  line).  It  is  important  to  realize  tha: 
both  the  deep  level  and  the  shallow  levels  coexist  and  are  dis¬ 
tinct  levels  with  qualitauvely  diflereni  wav^-  functions.  The  is¬ 
sue  of  whether  an  impuniy  is  “deep”  or  ‘’shallow’*  is  determined 
bv  wheil  er  or  not  a  deep  level  associated  wah  ilic  impuntv  lies 
•  I  he  bund  gap,  fhe  computed  dccp-shullow  trar.situui  occurs 
fvU*  \  ^6  iavers.  While  i.ie  vpiuliUttive  pii.'Si.s  con ipktcK  rc- 
liuble.  It  is  possible  th.il  the  iiaosmon  I.iv .  ihukiuvs  nuv  difui 
.somewhat  from  =  o  m  ual  supctlaitucs.  i  iu  preduicd  :  iii- 
0  unenial  band  gap  of  the  superlaiiiec  is  iiuhrect  f  >  I  <  A  ,  _  S. 
Ail  energies  are  wah  respeel  *o  the  valeni.x-hanel  niaxinuim  of 
GaAs. 
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impurities,'*  for  example,  N  in  GaAs.  Nitrogen  has  a 
resonant  state  in  the  conduction  band  of  GaAs.,  We  ha'  e 
predicted  that  this  resonant  state  can  be  driven  out  of  the 
conduction  band  into  the  band  gap  by  hydrostatic  pres¬ 
sure,^"  an  effect  that  has  been  observed  by  Wolford 
ei  a/.^'  and  Zhao  et  al.'*'  Here  we  predict  that  N-  in 
GaAs  layers  of  a  Ga.As/Alo^Gao j,As  superlattice  will 
have  an  impurity  state  in  the  band  gap  if  the  thickness  of 
the  GaAs  layers  is  thin  enough,  for  example,  <48  A  or 
17  molecular  layers. 

2.  As  vacancy  levels 

Figure  5  displays  the  Jeep  energy  levels  in  the  band 
gap  of  an  .As  vacancy  in  an  iVi=iYj  =  iO 
GaAs/Alo,7Gao.3As  superlattice,  as  a  function!  of  (3,  the  r 
component  of  the  position  of  tHv  vacancy  in  the  su¬ 
perhelix  or  superslab.  .A  vacancy  is  simulated  here  by  let¬ 
ting  the  defect-potential  elements  k',  and  at  the  vacan¬ 
cy  site  approach  infinity,  making  the  defect  into  an 
“atom"  with  infinite  orbital  energies,  and  thereby  decou¬ 
pling  it  from  the  host  by  virtue  of  the  fact  that  all  energy 
denominators  :n  a  perturbation  expansion  are  infinite. 
Several  features  of  the  results  in  Fig.  5  are  worth  noting: 
The  valence-band  maximum  of  the  superlattice  splits, 
with  the  P;-like  edge  moving  to  lower  energy,  owing  to  its 
lighter  eft'ective  mass.  Near  an  interface  (/3=0,  20,  or  40) 
the  p-like  Ti  bulk  As  vacancy  level  splits  Into  three  lev¬ 


els,-a-,,-6j,  and  f!2'  Hor.any  point  defect,  one  of  the  6,  or 
6;  levels  c.,>rrcsponds  to  a  p-like  level  with  its  orbital 
composed  of  hybrids  directed  toward  the  GaAs  layer  and 
has  an  energy  almost  the  same  as  the  bulk  GaAs  T,  level; 
the  other  is  composed  of  hybrids  directed  toward  the 
Al^Ga(_,,As  and  is  virtually  an  .Al,Ga,_^As  F,  level. 
The  6,  and  6-  levels  reverse  ordering  from  ^=0  to/J=20 
(because  of  the  defined  orientation  of  the  x  and  y  a.xes), 
and  a  I  lies  between  them  in  most  cases  .such  that  the 
splitting  of  the  host  v;;  ence-band  edge  can  be  neglected. 
The  splittings  between  the  and  by  levels  at  the  inter¬ 
face  are  small,  of  order  0.1  eV,  and  become  negligible 
when  the  vacancy  is  more  than  three  or  so  atomic  layers 
from  the  interface  (a  fact  noted  first  for  deep  levels  near 
surfaces  by  Daw  and  Smith''*  I.  The  splitting  between  the 
a  I  level  and  the  6,  and  by  levels  is  comparably  small,  but 
may  not  vanish  even  if  the  defect  is  distant  from  the  in¬ 
terface,  as  a  result  of  the  splitting  of  the  valence-band 
edge  in  the  superlattice  and  the  resulting  changes  of  the 
host  spectral  density. 

The  energy  of  a  deep  level  is  determined  by  a  balance 
between  the  conduction-band  states,  which  push  the  level 
down  in  ener.ay,  and  the  valence-band  states,  which  repel 
it  upward.  Since  the  GaAs  valence-band  maximum  is  al¬ 
most  at  the  same  energy  as  the  valence-band  maximum 
for  the  lOx  10  Gi4.As/Alo.;Ga0_3As  superlattice,  the  con¬ 
duction  band  has  the  primary  influence  on  the  change  of 
the  energies  of  the  As-vacancy  deep  level  from  bulk 
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FIG.  5.  Predwted  ciicrgv  levels  of  an  As  vacancy  in  a  iGaAs)|i/{AI{i;Gao..iAsl|„  superlattice,  as  a  function  of/?,  the  position  of  the 
vacaiicv  ic.en  v^tlucs  />  vorrespond  to  As  sites).  Note  the  iplitiing  of  the  levels  at  and  near  the  interfaces  ‘/?  -0. 20.  and  40).  and 
that  the  A'den  cd  vuvaiuv  levels  he  at  higher  energv  in  an  Al„  -Gdtt  ,As  layer  than  in  a  GaAs  layer.  The  and  ordering  changes 
at  Mtk.vcsMkc  ouerlaccA.  The  zero  of  energy  l^  the  v  alenve-band  maximum  of  bulk  GaAs.  and  the  corresponding  valcpw^  band  iVDM 
and  vonditciton-batid  vCBNU  edges  and  deep  Uvels  in  ftulk  GaAs  and  bulk  Al„  Ga,,  »As  are  given  to  the  left  and  ught  of  the  central 
figure,  respcwiively.  The  lop  ot  i.te  central  figure  is  the  conduelion-baiid  edge  of  the  superlattice,  and  the  bottom  corresponds  to  ihw 
split  valeiis-e  baud  m  the  superiallue — the  valence-band  maximum  of  the  superlattice  being  of  or  .symmetry  ~p^  and  the 
splu-utf  ut  p,i  band  ma\imum  lying  0.062  «V  lower  m  energy.  The  .1*  level  in  the  .XI^Gai  ^^As  layer  of  the  superlallice  is  lower 
than  the  k.orrespouding  kvel  in  the  G.iAv  L.>er  because  of  the  band  ofisel  vif  0.334  eV.  The  deetrvm  hole’  ocvupaneies  of  ihe  deep 
levels  in  bulk  GaAs  and  bulk  .Ak  -Ga.i  As  are  denoted  by  solid  circ  :s  (open  triangles). 
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GaAs;to  a  ,GaAs layer  in  the  superlattice,  and  the  levels 
move  up  in-  energy  because  the  conduction-band 
mininiurh  does.  In  going  from  an  Alo  ^Gao  jAs  layer  in 
the  superlattice-  t'6  bulk  Aln.^Gao  jAs,  the  levels  move 
down  in  energy,  because  the  valence-band  maximum, 
moves  down.  (The  valence-band  maximum  is  Ti-like.) 
The  Ti  As  vacancy  levels  lie  at  somewhat  higher  energy 
in  an  Al.,Ga|_^As  layer  than  in  a  GaAs  layer,  owing  to 
the  fact  that  A1  is  more  electropositive  than  Ga.  The  A  ^ 
bulk  As-vacancy  level  in  Al^.Ga|_,,.As  is  slightly  shifted 
at  the  interface,  and  is  at  lower  energy  in  an  Al.^.Ga,_^.As 
layer  than  in  a  GaAs  layer  because  the  band  offset  causes 
the  nearest  A  i  states  in  the  valence  band  to  lie  at  lower 
energy  tha,.  in  the  superlattice.  The  7;  level  in  GaAs 
(Al,vGa|__,.As)  is  both  split  in  the  superlattice  and,  on  the 
average,  is  shifted  up  (down)  in  energy  at  the  interface. 
Because  of  the  band  offset,  the  A  |  level  for  the  As  vacan¬ 
cy  in  GaAs  (Al^Gai_,vAs)  moves  down  (up)  at  the  inter¬ 
face.  Still  another  effect  does  influence  the  relative  order¬ 
ing  of  the  0|,  6|,  and  levels:  As  the  impurity  ap¬ 
proaches  the  interface  in  GaAs  (but  not  in  Al,^.Ga|_^As) 
its  wave  function  suffers  quantum  confinement  and  its  en¬ 
ergy  levels  shift — and  the  shifts  for  b^  and  b^  levels  are 
generally  different  from  those  for  A]  levels  because  the  Aj 
valence-band  edge  in  the  10.x  10  superlattice  lies  lower  by 


0.062  eV  than  the  and  edges.  The  conduction-band 
minimum  in  the  lOx  |0  superlattice  has  s  .symmetry  and 
does  hot  split. 

For  the  neutral  vacancy,  the  /I  | -derived  deep  level  is 
filled  b\  two  electrons,  and  one  electron  occupies  the 
lowest  of  the  Ti-derived  states. 

Similar  behavior  to  that  found  for  the  A.s-vacancy  lev¬ 
els  is  to  be  expected  for  all  xp-'-bonded  deep  impurity  lev¬ 
els  in  GaAs/Al_^Gai_,  As  superlaltices,  although  the  is¬ 
sue  of  whether  a  .specific  deep  level  lies  in  the  fundamen¬ 
tal  band  gap  or  not  depends  on  the  defect  potential  for 
that  impurity  and  on  A'j,  A'-,  and  .v. 

3.  Cation-vacancy  levels 

The  A I  bulk  levels  for  a  Ga  vacancy  in  Ga.As  and  for  a 
cation  vacancy  in  Al,\Ga|_,y.As  all  lie  very  deep  in  the 
host  valence  bands  and  arc  not  near  the  fundamental 
band  gap,  either  in  the  bulk  or  at  an  interface  of  a 
Ga.As/Al.vGa|_.vAs  superlattice. 

The  7;-derived  cation-vacancy  levels  produce  deep 
levels  near  the  valence-band  maxima  of  bulk  Ga.As,  bull 
.Al,Ga,_,^A. and  the  superlattice  tsee  Fig.  6).  In  the 
Hjalmarson-type  theory,  the  uncertainty  in  the  predic¬ 
tions  of  absolute  energies  is  typically  a  few  tenths  of  an 


Cation-site  T^derived  Voconcy  Levels 


Bulk  8utk 

GoAs  tOxtO  GoAs/AtjjGa,  ,At  Sapertottlcf  Atj,Gc,,As 


Site  p  in  Superlottice 


F!G.  6.  Predicted  7;-denved  v.scancv  levels  of  a  cuiior.  vacanev  in  a  iGa.As,.,./  (At,.  -Ga,  .Asi,,.  .superlaiiice,  as  a  function  ol  site 
inde.v  13,  the  position  of  the  vataiisj.  The  zero  of  energ;  is  the  vakiitc-baiid  edge  of  bulk  Ga.Xs,  and  the  vOrr^spsiiidiiig  v.ilciivv  and 
conduction-band  edges  and  deep  levels  in  bulk  GaAs  and  bulk  Al.  -G.!,,  _,.As  .ire  given  to  the  lelt  and  right  ol  tlie  eeiitf.i!  agure.  rc 
spectivelv.  The  lop  of  the  central  figure  is  the  eoiidueiion-biind  edge  of  the  -aperlattiec.  «nd  the  .v  .,  b,iitom  lir.e->  ...'rr^-pond  to  ilie 
b  -  and  h^-svnimelnc  [,/>,;/>  ‘-like)  valence-baiid  muMiiia  ,iiid  the  split  u,  ‘/ij-like  edge  below  li  hi.,  irons  ;g  ih.  bulk  lev. 

els  ,ire  denoted  by  solid  cir.les.  Holes  are  denoted  bv  op  ii  triangles.  Wlien.  ,is  ii,  bulk  GaAs.  the  Iwlc  are  -iiti.  in  level'  /mou 
Ole  luU'Hce-band  inaxuniim,  ihev  bubble  up  to  the  laleiiee-baiid  iiia.viinuni  where  the  I.ti>g-r.iaie-d  C.uilo.nh  puten.-.,’.  .an  trap  '.heiii 
iniu  shallow  aecepior  levels  mol  shown,.  The  eatii-.,  v.ie..nev  in  bulk  GaAs  and  in  .in  Al ,  G.,  .As  Lver  in  the  supeiiatiiee  i' , diet¬ 
ed  to  be  a  triple  shallow  accepio,’.  providing  three  such  lioles  n,  the  valeiiee  band.  In  bulk  .M  -Ga  ..-\s  .1110  u.  .1  Ga  Vs  i.iv.'  the 
superlattiee,  neutral  cation  va.an.ies  are  predicted  to  proeiuec  ile-e-p  traps  for  either  eleeionis  iir  holes.  Ii.  the  'upeilattieC.  the 
lovvesi-energy  level  is  viflen  of  u.  sviiinietrv,  and  the  highest  is  typie.iilv  e-itiier  vU  h.  vm  sviiiiiieliy.  but  eXe,plivins  t.'  this  rule  di» 
occur,  as  indicated  on  the  figure. 
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eV  and  tends  to  be  somewhat  larger  for  the  7’.  levels  than 
for  t}’*'  -1 1  levels.  Therefore,  in  what  follows,  the  reader 
should  not  intorproi  our  predictions  for  the  cation  vacan¬ 
cy  too  li'crally  or  to.>  quantitatively.  Rather,  the  predic¬ 
tions  illustrate  the  very  interesting  properties  of  a  cation- 
site  deep  T.  level  that  lies  near  but  below  the  valence- 
band  ma.ximum  of  Ga.As.  Since  this  defect  never  lies  at 
the  interface  (which,  by  definition  in  a 
GaAs/.Al.^Ga|_^.As  superlattice,  is  at  an  As  layer),  its 
level  splittings  are  smaller  (  <0.05  eV)  than  the  interfacial 
anion  vacancy's  splittings.  In  bulk  GaAs,  the  7';  cation- 
vacancy  level  is  predicted'®''**'  to  lie  5=0.03  eV  below  the 
valence-band  ma.ximum.  In  bulk  .Ala  ^Gao.j.As,  the  pre¬ 
dicted  vacancy  level  is  in  the  gap,  0.11  eV  above  the 
Alo.;Gao  jAs  valence-band  maximum.  !  Near  a 
GaAs/Al,.Ga(_^As  interface,  the  Tj  cation-vacancy  lev¬ 
el  splits  into  a,,  i)|,  and  by  sublevels.  For  .v=0.7  some 
or  all  of  these  sublevels  may  lie  in  the  gap  of  the  superlat¬ 
tice. 

If  the  predictions  are  taken  literally,  then  near  the  in¬ 
terface  the  cation  vacancy  produces  a  very  interesting 
level  structure,  depending  on  the  site  of  the  vacancy.  To 
begin  with,  in  a  GaAs  layer  the  and  by  vacancy  levels 
lie  in  the  gap  of  the  superlattice,  but  in  an  Alo^jOa^  jAs 
layer  the  vacancy  levels  are  resonant  with  the  valence 
band.  This  is  due  mainly  to  the  band  offset  and  the  fact 


that,  roughly  speaking,  the  deep  levels  do  not  move 
(much),  whereas  the  valence-band  edges  do,  as  one  goes 
from  bulk  GaAs  to  the  superlattice  to  bulk  Al,,  rGa„  ;As. 
The  6.  and  by  levels  in  a  GaAs  layer  lie  typically  5=0.03 
eV  above  the  «,  level,  when  we  might  have  e.xpected  the 
a,  level  to  lie  between  them.  This  e.xpectation  is  not  met 
because  the  Ty  levels  are  near  the  valence-band  ma.x¬ 
imum  and,  in  the  superlattice,  the  Tj-like  valence-band 
ma.ximum  is  split  into  a,  and  b^  and  by  edges.  Hence 
the  a  I  valence-band  edge  has  a  stronger  quantum-well- 
confinement  effect;  the  band  edge  for  Oj  (p.-like)  states 
lies  0.062  eV  below  the  edge  for  6|  and  by  states.  The  a, 
defect  states  lie  lower  because  the  valence-band  states 
that  repel  them  are  at  lower  energy  in  the  super!.utice. 
The  largest  splitting  between  and  by  states  is  of  order 
=0.02  eV,  much  .smaller  than  the  ( =0. l-0.2)-eV  split¬ 
tings  deduced  from  the  anion  vacancy — because  the  cat¬ 
ion  vacancy  always  lies  at  least  one  layer  from  an  inter¬ 
face.  In  particular,  the  p. -like  a,  level  decreases  in  ener¬ 
gy  as  the  vacancy  moves  from  the  center  of  the  GaAs  lay¬ 
er  toward  the  interface.  The  initial  decrease  is  due  to 
quantum-well  eenfinement,  and  begins  when  the  vacancy 
wave  function  significantly  overlaps  the  Alo.iGaQjAs. 
However,  as  the  vacancy  becomes  quite  close  to  the  inter¬ 
face.  its  wave  function  penetrates  thoroughly  into  the 
Al0.7Ga0.jAs  layer  and  feels  the  electropositivity  of  the 


A -derived  a,  deep  levels  in 
10x10  GqAs/AIq  .j.GaQ  jAs  superlattice 


FIG,  7,  PrcdicUd  energies  ot  .1, -derived  >-like  Jj  deep  levels  of  ihe  indicated  defects  Ref.  4*'  for  a  GaAs/AI„  ;Gat,L,»As  superlat- 
tice  \Mth  .Y,  10  GaAs  la>ers  and  Ij  Al^  ,Gao  As  la>ers  in  its  unit  supercell.  The  dashed  lines  denote  the  predictions  for  de¬ 

fects  at  or  neat  a  GaAs/  Al,  -Oai,  ,,.As  nitcrfave.  iii  the  /i  =  0  la\er  fur  the  intcrfave,  levels  for  As-site  defects  lupper  left-hand  corners 
and,  in  the  /?-  I  and  /i  =  21  laver^  .tdjacent  to  interface  Luers*  for  Ga-site  defect.s  in  GaAs  and  vation-site  defects  in  AI„  -Got.  ,As,  re- 
>peciivtlv  loutf  ^  'ght-hand  vorner  .  The  >vilid  lines  dciu»te  ihv  same  levels  foi  defects  at  or  near  the  venter  of  GaAs  and  Al„  -Ga*,  ..As 
luvvfN  respcwiuvK  In  revving  iai«  fiaurv.  ivrocinbcr  ihut  the  theurv  is  nut  prcvtse,  bat  that  thv  general  shape  of  the  figure  is  reliable. 
The  Zero  of  cnerav  .%  t*iw  valence-band  maMmum  on/A  Gu.h.  The  vaLiiw  and  wonducliv>U'baad  edges  of  the  -superlattivc  are 
denot'd  VBM-SI.  a*:'AC?iM*SL».  rc<pc*ctne!>. 
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Al.  If  the  valence-band  offset  were  smaller,  say  0.2  eV, 
then  this  effect  would  cause  the  level  to  increase  in  energy 
near  the  interface. 

The  neutral  Ga  vacancy  in  the  bulk  of  GaAs  (assuming 
its  deepievel  lies  in  the  valence  band!  is  a  triple  acceptor 
(Fig.  6).  (A  Ga  vacancy  is  created  by  adding  three 
holes — to  remove  the  three  Ga  electrons — and  letting 
the  defect  potential  become  infinite.'*-')  Consider  this  va¬ 
cancy  at  the  neai'-interfacial  site  13=  1  in  a  GaAs  layer  of 
the  superlattice;  its  levels,  in  order  of  decreasing  energy, 
are  by,  b^,  and  Oj.  In  all  of  the  cases  of  Fig.  6,  the  cation 
vacancy  is  either  a  triple  shallow  acceptor  or  a  deep  trap 
for  both  an  electron  and  a  hole,  having  at  least  one  par¬ 
tially  filled  deep  level  in  the  gap.  If  it  were  the  case  that  a 
cation  vacancy  near  an  interface  had  only  one  of  its  sub- 
levels  in  the  gap  :..'id  two  sublevels  resonant  with  the 
valence  band  of  the  superlattice,  then  the  vacancy  "would 
be  a  single  acceptor,  because  only  three  electrons  are 
available  for  four  spin  orbitals:  the  hole  in  the  fourth 
spin  orbital  would  “bubble  up”  to  the  valence-band  max¬ 
imum.  Relatively  small  amounts  of  lattice  relaxation  or 
charge-state  splittings  of  the  defect  levels  could  alter  the 


predictions.  Nevertheless,  we  think  that  studies  of  the 
character  of  the  Ga-vacancy  \yave  function  in 
GaAs/Al^Ga|_jf As  superlattices  are  warranted' — and. 
could  po.ssibly  reveal  this  shallow-deep  transition  in  the 
character  of  the  cation  vacancy. 

4.  Deep  levels  of  sp^-bonded  impurities 

The  predicted  deep  energy  levels  of  substitutional  sp^- 
bonded  impurities  in  a  GaAs/Alj,  TGao..\As  superlattice 
are  given  in  Figs.  7  and  8  for  a  superlattice  with 
.V|  =A%  =  10. •''■■*'  These  levels'  energies  E  are  obtained 
by  .solving  the  .secular  equation  (17)  with  Hjalmarson's 
defect  potential  F slightly  modified.-''  In  these  figures  we 
display  results  for  impurities  at  or  near  a 
Ga.As/Alo,-Gao_,As  interface  and  near  the  center  of  the 
Ga.As  and  Alo.iGao.j.As  layers. 

For  the  A\-  or  i-like  o,  levels  on  the  As  .site  (Fig.  7), 
most  interfacial  impurities  have  energy  levels  roughly 
midwa\  between  the  levels  f-  impurities  near  the  center 
of  the  GaAs  and  the  AlyGa|_,^.As  layers.  There  are  two 
types  of  cation  sites:  Ga  (in  GaAs)  and  AI^Ga|__^  (in 


Tg-derived  a,,b,,and  bg  deep  levels  in 
10x10  GqAs/AIq .^GQq  jAs  superlattice 


FIG.  8,  The  predicted  Tydttw^d  deep  levels  for  the  indkaied  defects  (Ref.  47)  in  a  (GaAs),(/Al|  <Ga^  >Ar,,,  superlattice-  For 
As*siie  defects  (lower  right-hand  corner t  the  two  solid  lines  correspond  to  T^-derived  6|  le\els  ^vhich  almost  degenerate  with  b- 
levels*  in  the  center  of  GaAs  and  Alu  -Gui.  ;As  la>ers.  The  correspoiidin^a  T-derived  Qx  levels  lie  siighiiv  ‘of  order  O.Ol  eV'  below  the 
bi  and  6;  levels  and  are  not  shovel.  The  dashed  line  is  an  interfacial  p^  Oax  level.  The  coi responding  level  t.  shown'  is  nearlv 
degenerate  with  a,  and  the  bi  level  tno*  st  owni  is  above  it  of  order  0.0)  eV.  For  cation-site  defects  fuppei  left-haiu  the  solid 

lines  correspond  to  J  yderived  leveK  which  are  almost  degenerate  with  and  dj  K  els  not  shown*  The  dashed  li*5es  correspond 
to  interfacial  levels  for  sue  /?=19  *in  Ga.As*  of  bi  svmmetrv  and  for  site  p^2\  of  symmetrv.  The  /?=  19  a,  and  leveN  .re  al¬ 
most  degenerate  with  the  f-  levels  of  defects  in  the  center  of  GaAs  and  .rc  not  shown.  Similarlv,  the  p-2l  Wl  As*  a  and  b^ 
ivvhich  are  polarized  perpendiwuiar  to  the  interface*  interfacial  levels  arc  not  shown.  Near  the  /?~0  interlace,  the  /»,  and  l\  levels  are 
interchanged.  Simply  stated,  the  icveis  o-  or  b-  are  split  oflf  from  the  bulk  7;  energv  <in  the  material  occup.ed  bv  the  defect*  and  the 
remaining  two  levels  uilmostJ  are  at  the  bulk  energv.  The  zero  of  energv  is  the  valcncc-band  ni,»\4mum  of  hulk  Tlu 

valence-  and  conduction-band  edges  of  the  superlattice  are  denoted  VBNKSL  and  CBM(SL»,  rc.spectively 
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■Al_^Gai  ,.As);  the  cation-site  defects  near  the 
GaAs/Al_^Ga:  ..,As  interface  have  nearly  the  same  deep 
levels  as  def-.ts  at  the  center  of  the  layers — because 
those  defects  are  at  least  one  layer  distant  from  the  inter¬ 
face  (which  ci'incides  with  an  As  layer),  and  hence  are 
only  weakly  perturbed  by  the  atoms  on  the  other  side  of 
the  interface. 

The  Ti-derived  levels  in  the  GaAs  layer  (Fig.  8)  are 
split  when  they  lie  near  or  at  the  interface.  These  are 
dangling-bond-p-like  levels,-  and  the  p  orbitals  composed 
of  hybrids  oriented  most  toward  the  interface  are  split 
most  (6]  or  (p.^+p,.)»like  and  fl]  or  p. -like  on  theGa  site; 
Dj  or  (px  —Pv  1-like  and  a  ^  at  the  As  site],  whereas  the  or¬ 
bital  directed  away  from  the  interface  is  least'  perturbed 
and  normally  has  a  level  closest  to  that  of  the  bulk  T, 
level,  the  same  physics  hold  for  defects  in  the 
Al.,Gai_,^As  layer  (Fig.  8),  but  the  signs  of  the  splittings 
and  the  orderings  of  6|,  a|,  and  levels  are  normally  re¬ 
versed. 

In  general,  three  factors  influence  the  relative  positions 
of' deep  levels  in  GaAs  and.Al^Ga|_,,As  layers,  (i)  The 
more  clectiopositive  character  of  Al  with  respect  to  Ga 
pushes  levels  up  in  energy,  so,  that  the  same  defect  has  a 
tendency  to  e.xhibit  higher-energy  deep  levels  in 
Al,(Ga|__^.As  than  in  GaAs.  (See  the  Ti-derived  As- 
vacancy  levels  in  Fig.  5.)  (ii)  However,  the  Al  also  widens 
the  band  gap,  causing  a  band  oilset,  and  rearranging  the 
spectral  distribution  of  host  states  somewhat  idifferently 
for  tlie  6|  and  states  than  for  the  fl|  states)— which 
often  has  the  opposite  effect  on  those  impurity  levels 
most  affected  by  the  host  states  near  tl.o  valence-band 
ma.ximum.  (See  the  -derived  As-vacancy  levels  in  Fig.. 
5.)  liii)  In  addition  to  the  electropositivity  and  band- 
gap-widening  effects,  there  is  a  quantum-well- 
confmement  effect.  Impurities  in  GaAs  close  enough  to 
an  Al^Gai_jAs  layer  that  their  wave  functions  overlap 
the  Al^Ga|_,vAs  barrier  will  e.xperience  level  shifts  due 
to  confinement  (that  depend  on  the  symmetry  of  the  lev¬ 
el).  States  near  and  above  the  conduction-band  minimum 
with  considerable  conduction-band  character  are  e.xpect- 
ed  to  move  up  in  energy  and  valence-band  states  should 
move  down  due  to  confinement  (see  Fig.  6).  The 
confinement  effects  should  be  more  severe  for  Oj  states 
than  for  or  6,  states,  due  to  the  fact  that  their  wave 
functions  are  polarized  in  the  superlattice  growth  direc¬ 
tion. 

5.  Dependence  on  alloy  composition 

In  Fig.  9  we  show  our  predictions  for  the  .-Ii- 
symmetric  deep  level  of  cation-site  Si  (Ref.  31i  in  bulk 
Al,Gai_^As  as  a  function  of  .v,  which  are  limilar  to 
those  first  obtained  by  Hjalmarson.^*' 

Figure  10,  in  comparison  with  Fig.  9,  illustrates  that  a 
Si  impurity  in  a  GaA.s/Al^Ga,_^.\s  superlattice 
with  :Y,  =,Y2  ma.  produce  a  deep  level  in  the  super- 
lattice  band  gap,  although  the  saine  impuritv  in  the 
allov  obtained  by  disordering  the  superlattice. 
.-U,  j^-.Gai_n/2;A.s.  does  produce  .i  Jeep  level  in  the  gap 
of  the  alloy.  To  see  this,  consider  .x  <0.5,  for  which  the 
Si  theoretical  leve'  does  not  lie  in  the  gap  of  tne  2  -  2 


GqAi  Composition  i  AlAs 

FIG,  9,  Chemical MKMds  with  alloy  composition  x  in  the  en¬ 
ergies  (in  eV)  of  principal  conduction-band  edges  P,  L,  and  Xt 
and  the  valence-band  maximum  of  the  alloy  with  respect  to  the 
valence-band  maximum  of  GaAs,  in  the  alloy  AI^Gai«.,.-\s,  as 
deduced  from  the  Vogl  model  (Ref,  251,  Also  shown  is  the  pre¬ 
dicted  energy  of  the  /I. -symmetric  cation-site  deep  level  of  Si 
(heavy  linei,  similar  to  the  predictions  of  Hjulmurson  (Refs.  31 
and  48),  The  Vogl  model  is  known  to  obtain  very  little  bund 
bending,  .Moreover,  the  L  minimum  for  ,V  5?0.45  is  known  to  be 
at  a  bit  too  low  an  energy  in  this  model.  When  the  deep  level  of 
neutral  Si  lies  below  the  conduction-band  minimum,  it  is  occu¬ 
pied  by  one  electron  isolid  circle)  and  one  hole  (open  triangle). 
When  this  level  is  resonant  with  the  conduction  band,  the  elec¬ 
tron  spills  out  and  falls  (wavy  line)  to  the  conduction-band 
minimum,  where  it  is  trapped  (at  zero  temperaturei  in  a  shallow 
donor  level  (not  shown), 

GaAs/Al.,Ga|„^  As  superlaitice.  For  x  =0.25  the  Si  lev¬ 
el  is  in  the  gap  of  the  alloy,  however. 

This  situation  is  much  more  common  in  larger-period 
superlaitices.*''  where  the  band  edge  of  the  superlaitice  is 
almost  the  bund  gap  of  the  small-band-gap  material 
(GaAs)  (see  Fig,  1),  To  a  good  approximation,  if  an  im- 


FIG.  10.  Chemical  trends  with  alloy  composition  .v  in  the  en¬ 
ergies  un  eVi  of  principal  conduction-  and  \alcnce-band  extre¬ 
ma  of  a  *GaAsK/iAKGa.  superlattice,  with  respect  to 

the  valence-band  max, mum  of  GaAs.  Compare  with  Fig.  9  for 
the  alloN.  The  superlatiice  \\a\e  vectors  of  the  minima  are 
k=0.  k=  '<  j,  1,0  .  which  has  stales  derived  from  the  L 

point  of  the  bulk  Bnllouin  /.one,  and  the  pi'iiusden  ed  from  the 
bulk  A'  point.  ::r.  (O.O.  .V  *),  which  is  ^7,-Hkc.  and 

2:r^c:.  which  is  p  -andp  -like. 
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purity*^^  (i)  produces  a  deep  level  in  the  gap  when  the  im¬ 
purity  lies  in  the  large-band-gap  bulk  material 
(Al,^Ga,_;^As),  and  (ii)  has  its  corresponding  deep  level 
resonant  with  the  host  bands  when  the  impurity  occupies 
a  site  in  the  small-band-gap  bulk  material  (GaAs),  then 
the  impurity's  deep  level  will  no:  lie  in  the  gap  of  the 
large-period  superlatticc  for  the  case  that  the  impurity 
occupies  a  site  in  a  small-band-gap  (GaAs)  layer.  Thus  in 
an  18X18  Ga.-\s/Alo.7Gao,3Aj  superlattice  (Fig.  1).  Si  on 
a  Ga  site  in  a  GaAs  layer  has  its  A  j -symmetric  deep  level 
in  the  conduction  band  of  the  superlattice,  and  so  is  a 
shallow  donor.  However,  in  the  corresponding  alloy  with 
x=0.35  (Fig.  9)  the  cation-site  Si  level  lies  within  the 
fundamental  band  gap  and  is  a  deep  trap.  Similar  phys.os 
holds  for  other  defects.  This  ph\sics  might  be  the  origin 
of  the  improved  transport  characteristics  of  GaAs/AlAs 
superlattices  over  Alo,5Gao5As  alloys,  as  observed  by 
Fujiwara  ct  al. 

d.  Fluctuations 

For  some  time  it  has  been  known  that  fluctuations  in 
alloy  composition  .v  of  Al.^Ga,_^As  can  cause  normally 
shallow  donors  such  as  Si  (for  .v  <0.3)  to  produce  deep 
levels  in  regions  where  the  Al  mole  fraction  is  consider¬ 
ably  larger  than  the  average  value  x.  Here  we  have 
shown  that  in  thin  quantum  wells  of  GaAs  in 
Ga.As/Al^fGai.^^As  superlaiiices  for  x  >0.3  the  Si  can 
produce  deep  levels  as  well.  Thus  fluctuations  in  layer 
thickness  can  produce  previously  unanticipated  deep 
traps.  Since  deep-level  wave  functions  have  large  ampli¬ 
tudes  only  within  a  radics  of  5  A  of  the  impurit),  a 
fluctuation  in  GaAs  layer  thickness  (in  the  z  direciion) 
down  to,  say,  20  A,  occurring  within  a  sntall  circk  i**  ra¬ 
dius  5  A  in  the  x-y  plane,  would  lead  to  Si  deep  levels  in 
that  region.  Hence,  special  care  ma\  be  nece.ssary  during 
superlatiice  growth  to  pj event  nor. uniformities  in  layer 
thickness,  which  could  le,. J  to  such  deep-level  formation. 

7.  Relationship  between  cation*site  Si 
and  the  DX  center 

For  some  time  the  technologically  important  native  de¬ 
fect  DX  in  A!^Ga|_.^As  has  been  the  subject  of  discus¬ 
sion,  with  Lang*  first  proposing  that  it  is  a  donor-vacancy 
comple.x,  and  Hjalmarson^  setting  forth  the  model 
of  a  Si  impuriiV  on  a  cation  sue.  Clearly,  the  Si  center 
discussed  here  has  the  energy  levels  and  dependencies  on 


alloy  composition  x  required  of  a  DX  center.  Our 
opinion  is  that  the  DX  center  is  normaliy  either  a  Si  im¬ 
purity,  a  complex  containing  a  Si  impurity  (perhaps  Si-Si 
pairs  in  some  cases),  or,  in  some  instances,  other  impuri¬ 
ties  such  as  S’l  that  are  similar  to  Si.  The  complexes 
should  have  spectra  very  close  to  the  spectra  of  their  con¬ 
stituents.'*'  The  persistent  photoconductivity  associated 
with  the  DX  center  appears  to  be  best  explained  by  the 
Hjalmarsdn-Drummond  phonon-coupling  model.'*  How¬ 
ever,  we  note  that  Li  e/  £//,'*  di.^puic  the  Hjalmarson- 
Drummond  conchi>ion  and  there  remain  unanswered 
questions  concerning  the  DX  center.  We  hope  that  the 
present  work,  which  shows  how  the  deep  levels  associat¬ 
ed  with  Si  should  behave  in  the  Nuperlattice,  may  help  in 
solving  the  mysteries  surrounding  this  interesting  defect. 

IV.  summary 

The  calculations  presented  here  call  into  qaestion  the 
common  assumption  that  the  character  of  an  impurity  in 
a  superlattice  will  always  be  the  same  as  in  K.t  bulk.  We 
have  presented  calculations  which  indicate  that  the  nor¬ 
mal  shallow  dopant  S!  in  GaAs  may  become  a  deep  trap 
in  a  GaAs  quantum  well  of  a  GaAs/.M^Ga|_,^As  super¬ 
lattice.  This  prediction  should  be  tc.s;  J  for  .v>0.7  su¬ 
perlattices,  where  it  is  likely  to  be  most  reliable. 

We  have  elucidated  the  physics  of  dvcp  ieveis  in  super- 
lattices,  and  find  splittings  of  Ty  bulk  levels  and  shifts  of 
A  i  levels  of  order  0. 1  -0.2  eV  for  defects  at  the  interface 
and  less  for  Impurities  within  two  or  three  atoi/  ic  pla.ies 
of  an  interface.  For  impurities  more  distant  from  an  in¬ 
terface  the  effect  of  the  superlatiice  is  primarily  to  change 
the  ivindow  of  observability  kX  the  deep  level;  If  one  imag¬ 
ines  the  deep  levels  as  being  relatively  fixed  in  energy,  the 
role  of  the  superlatiice  is  to  provide  the  band  gap;  .super- 
lattices  with  small  GaAs  quantum  wells  h,ve  sufliciently 
large  band  gaps  that  deep  levels  which  are  covered  up  by 
the  bands  in  bulk  GaAs  are  uncoveicd  and  observable  in 
t!ie  superlattice. 
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"^Thc  abscissae  of  Hgs.  7  and  S  are.>io  vriihin  an  adujiiv?  con- 
siani/’  and  /Lirlp).  where  the  aiomk-orbital  energies 

in  the  solid  cr  are  labublcd  in  Ref.  25,  and  we  have  />,s0.8 
and /L  ssO.6. 

*^H.'P.  Hjalmarson  iprivaic  commtxnrcaiionf. 

■^‘*H.  P-  Hjalmarson.  Ph.D.  thesis.  University  of  IHinob  at 
Urbana-Champaign.  ]9?9<unpubiished). 

--  Sankey.  H,  P.  Hjalmarson.  J.  D.  Dow,  D.  J.  Wolford, 
and  B.  G.  Streciman.  Phys.  Rev.  Leu.  45.  1656  !i9S0i:  O.  F. 
Sankey  and  J.  D.  Dow.  .Appl.  Phys.  Leu.  38.  685  (1981);  J. 
.Appl.  Phys.  52. 5139  (1981):  Phy\.  Rev.  B  26. 3243 11982). 

-*M.-F.  Li  and  P.  Y.  Yu.  Solid  Commun.  61.  13  «19S7); 
M.-F.  Li.  P.  Y.  Yu.  E.  R.  Weber,  and  W.  Hansen.  .Appl.  Phys. 
Leu.  51. 349  (1987). 

--.A  casual  examination  of  the  theory.  Fig.  7.  indicates  that  Sn 
should  have  a  deep  level  r-0.4  eV  .ibovc  the  Si  level  (with  B 
in  between).  However.  Sn  e.xperintenially  lies  only  0.056  eV 
above  S:  in  Ga.As.'  the  dinference  being  attributable  within 
the  current  theory  to  lattice  relaxation.  Hence  Sn  doping 
rather  than  Si  doping  is  unlikely  to  repre>cnt  much  of  an  im¬ 
provement  in  small-period  superlatiiccs. 
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Theoretical  densities  of  phonon  states  In  random  Alj^Gaj^jjAs  alleys  are 
presented  and  compared  vith  published  Raman  scattering  data.  The 
calculations  employ  the  recursion  method  and  a  Born-^von  Karman  rigid-ion 
model  of  the  lattice  dynamics;  they  permit  the  assignment  of  major 
spectral  features  either  to  parent  modes  in  GaAs  and  AlAs  or  to 
vibrations  of  specific  alloy  clusters.  The  phonon  spectral  densities  of 
states  are  shown  to  be  nearly  "persistent”  —  a  linear  superposition  of 
CaAs  and  AlAs  spectral  densities.  Deviations  from  the  persistence  limit 
are  attributed  to  "alloy  nodes."  Many  assignments  of  lines  in  Raman 
spectra  are  confirmed,  but  some  lines  are  reinterpreted. 


1.  Introduction 

In  this  paper  we  report  calculations  of  the 
densities  of  phonon  states  for  Atj^Gaj^j^As 
substitutional  alloys,  and  compare  our  results 
with  Raman  scattering  data  of  Tsu,  Kauamura,  and 
Esaki  (I],  Kim  and  Spltzer  (21,  Salnt-Crlcq  et 
si.  (11,  and  Jusserand  and  Saprlel  [4].  Ue  show 
that  the  densities  of  states  of  these  allovs 
are,  more  or  less,  "persistent"  In  the  ser':e  of 
•Inodera  and  Toyozawa  (51;  except  In  Three 
spectral  regions,  the  densities  of  states  of  the 
alloys  Alj^Ga^^^As  are  lln»ar  superpositions  of 
the  densities  of  states  of  GaAs  and  AlAs: 

D(i:;At„Gai  ^As)-(l-x)D(D;GaAs)-‘XD(U;AlAs). 

(1) 


*  Present'  Address:  Department  of  Physics  and 
Astronomy,  University  of  Maryland,  College 
Park,  MD  20742. 

**  Present  Address:  Department  of  Physics, 
University  of  Surrey,  Guildford  Surrey 
GU2  5XH.  U.K. 


The  deviations  from  the  above  are  attributed  to 
"alloy  modes",  namely  characteristic  vibrations 
of  small  clusters  In  alloys  not  present  in 
either  GaAs  or  AlAs.  The  main  features  of  the 
Raman  data  are  all  accounted  for,  Including 
disorder-activated  Raman  modes  which  arise  from 
either  persistent  modes  or  alloy  modes  in  the 
densities  of  states  that  are  Raman-forbidden  In 
perfect  zincblende  compounds. 


We  employ  the  recursion  method  (6-91  In  o.-« 
calculations,  treat  the  ions  as  rigid,  include 
first-  and  seccnd-nearcst-nelghbor  force 
constants,  and  neglect  long-ranged  Coulomb 
forces.  To  our  knowledge,  these  are  the  first 
calculations  of  this  type  for  Ill-V 
semlconductlve  alloys.  Coherent  potential 
approximation  (CPA)  calculations  1 10]  have  been 
reported  previously.  However,  the  CPA,  'n  its 
usual  form,  breaks  down  wi'enevqr:  the  local  modes 
;of  clusters  of  minority  atoms  become  important 
—  l.e.,  on  rhe  order  of  or  (l-x)^  and 
higher.  Because  of  the  p?rs latent  nature  of  the 
densities  of  states,  Ea.  (1),  the  CPA,  or  almost 
any  alloy  thcorv,  will  successfully  predict  the 
main  Ceorurcs  of  the  alloy  spectra;  hut  the 
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WAVE  NUMBER  X’*  (cm") 


ENERGY  ha  (meV) 


Fig*  1*  Displayed  from  top  to  bottom  are 
phonon  dispersion  curves  for  GaAs,  densities  of 
phonon  states  for  GaAs»  density  of  phonon  states 
for  ,  densities  of  phonon  states  for 

AiAs,  and  phonon  dispersion  curves  for  AiAs» 
respectively.  The  phonon  dispersion  curves  for 
GaAs  (solid  lines)  vere  obtained  using  the 
force-constant  parameters  of  Ref*  (Hi,  and  are 
compared  with  the  neutron  scattering  data  of 
Ref.  1*18)  (dotted  lines).  The  phonon  dispersion 
curves  for  AlAs  (solid  lines)  were  obtained  in 
the  present «model,  and  are  compared  with,  the 
infrared  reflection  data  and  the  Raman 
scattering  data  of  Ref.  (13)  at  the  T  point 
(circles),  and  the  optical  absorption  data  of 
Ref.  (14)  at  the  X  point  (circles).  (It  was 
pointed  out  by  Rarker  cr  al.  (IS!  chat  the 
asslgnnents  for  TO:X  and  L0:X,  given  In 


Ref.  (14),  should  be  reversed.-^Here  we  use  the 
assignment  of  Barker  et  al.)  The  phonon 
densities  of  states  for  GaAs  and  AlAs  were 
obtained  by  the  recursion  method  (solid  Lines) 
and  are  compared  with  the  densities  of  states 
obtained  by  the  Lehmann-Taut  method  (dashed 
lines).  The  density  of  states  for  AIq  rGa^  ^As 
was  obtained  by  the  Lehmann-Taut  methoa  using 
the  virtual-crystal  approximation  for  the 
force-constant  parameters  and  the  catlon-sUe 
mass  in  this  alloy.  Phonons  at  specific 
wavevectors  In  the  Brlllouln  xone,  such  as  the 
optic  mode  at  P,  OrP,  have  Chose  wavevectors 
Indicated  after  a  colon.  The  main  symmetry 
points  are  P-(0,0,0),  L»(2Ti/aj^)(  1/2 , 1/2, 1/2) , 
X-(2Tt/aj^)(  1.0.0),  U-(2n/aL)(l,l/4,!/4),  and 
K-(2n/a,)(3/4. 3/4,0). 
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deviations  froa  the  i>ersist-!-;re  Halt  —  which 
;ire'  the  non-trlvlnl  allrv  .  .is  —  .irc  not 
reliably  predicted  by  tnv  '"“A  and  --^st  other 
clloy  theories,  to  contract,  the  recursion 
method  Is  capable  of  Inclnrtlnj;  all  orders  of  x, 
and  predicts  accurate  alloy  spectra  provided 
that  the  proper  ensenble  averages  over  the 
various  local  environments  are  evaluated. 


2.  Outline  of^  the  calculation. 

The  first  step  of  our  method  Is  to  obtain 
force  constants  by  fitting  the  phonon  dispersion 
relations  of  GaAs  and  AlAs  with  a  first-  and 
second-neighbor  rlgld-lon  Bom  -  von  Karnan 
force  constant  model.  For  OaAs^  the  force 
constants  of  Banerjee  and  Varsnnl  [11)  were 
found  to  he  excellent  (here  we  set  their 
long-ranged  force  constant  *V’  to  zero);  for 
AlAs  the  elastic  constant  data  for  C|2 
the  following  measured  squared  phonon 
frequencies  were  used  to  determine  the  six 
Independent  force  constants  of  the  model; 
(n2(LO:r)+2(j2(TO:r))/3,  32(T0:X);  n'(LO;X); 
(i2(LA;X);  and  n^CfArX)  [13-15].  (Here  ue  denote 
optic  and  acoustic  modes  by  0  and  A', 
longitudinal  and  transverse  modes  by  L  and  T, 
and  the  wavevector  ^  using  standard  symbols 
( 16) .  Hence  LA:X  refers  to  the  longitudinal 
acoustic  mode  at  the  X-polnt  of  the  Hrlllouln 
zone.)  The  force  constants  v,  u*  and  \  for 
anions  and  cations  In  AlAs,  In  the  notation  of 
Banerjee  and  Varshnl  (Ulf  were  assumed  to  be 
related  according  to  a  central-force  model  [17]; 
v*p-X,  The  resulting  phonon  dispersion  curves 
are  compared  with  data  (13-1 ‘5,18)  In  Fig.  I  (top 
and  bottom),  and  the  force-constant  parameters 
obtained  in  the  present  model  are  tabulated  In 
Table  I. 

Vo  long-rangvid  forces  are  Included  In  the  fit 
to  the  phonon  dispersion  relations;  hence  the 
observed  splitting  at  the  F  point  of  the 
Rrlllouln  zone  between  the  longitudinal  optic 
(LO)  and  transverse'  optic  (TO)  modes  cannot  be 
reproduced  by  the  model.  However,  this  splitting 
Is  small,  ^18  cm“^  in  GaAs  and  --38  cra"^  in  AlAs, 
In  comparison  with  optical  mode  energies  of 
'^7.70  and  -^390  cm“^,  respectively.  While 
explicitly  Ignoring  the  long-ranged  Coulomb 
forces,  we  note  that  a  model  with  first-  and 
second-nearest-neighbor  force  constants  can  at 
least  aden'iately  represent  some  of  the  effects 
of  the  ranged  Coulomb  forces  at  the 

zone-bou..,*o  7  points  (which  dominate  the 
denslty-of-states  spectra).  Moreover,  the 
qualitative  differences  In  the  phonon  dispersion 
relations  due  to  the  long-ranged  Coulomb  forces 
are  major  only  In  the  long-wavelength  limit 
(near  the  F  point  In  a  Brlllouln  zone);  the 
direct  effect  on  the  /Jobal  features  of  the 
densities  of  phonon  <<tates  is  rather  small  [19]  • 
Caution  should  he  taken,*  however,  when 
vibrational  properties  In  the  long-wavelength 
limit  are  of  concern,  such  as  In  Raman 
spectroscopy  or  Infrared  reflection 
spectroscopy. 


To.  obtain  det.^ltlcs  of  states  we  employ 
1000-atom  cluster*  and  execute  the  recursion 
method  to  **1  leva  Is  of  continued  f  ractl*^-;'*;  such 
parameters  were  fojnd  to  he  necessary  to  obtalh- 
good  representations  of  the  phonon  densities  of 
states  of  GaAs  and  AlAs.  Oetnlls  of  the 
calculations  can  be  found  In  Ref.  [20|.  In 
Fig.  I,  we  dlsplav  the  resulting  phonon 
densities  of  states  for  GaAs  and  AtAs  obtained 
by  the  recursion  method  (solid  line)  compared 
with  those  obtained  by  the  I.chmann-Taut  method 
(2ll  (dashed  line).  In  the  densities  of  states 
obtained  by  the  recursion  method,  we  not*  that 
the  sharp  van  Hove  singularities  [22]  are 
blurred.  This  is  characteristic  of  the  recursion 
method,  which  has  a  slow  convergence  to  spectral 
slngularvtles,  as  they  are  explicitly  due  to  the 
Infinite  p^2^1odlcltv  of  the  crystal  lattice. 

3.  Results 

In  Fig,  I,  wc  also  display  the  density  of 
states  for  the  alloy  Mq  5Gar^^5As,  calculated 
using  the  virtual-crystal  approximation  in  which, 
the  force  constants  and  the  catlon-slte  masses 
are  linearly  Interpolated  between  those  of  GaAs 
and  AlAs.  This  spectrum  exhibits  only  one 
"amalgamated"  [3]  optic  band  and  thus  the 
well-known  "two-mode  behavior"  (13,231  of  this 
alloy  is  not  reproductd  by  the  virtual  crystal 
approximation. 

In  the  recursion-method  theory  presented  here, 
Che  force-constant  parameters  for  an  allov  of 
composition  x  are  determined  using  chose  of  the 
parent  compounds  (Table  I),  for  the 

f Irsc-nearest-neighbor  force  constants,  a,  of 
pure  GaAs  and  of  pure  AlAs  are  used  for  Ga-As 
pairs  and  Al-As  pairs  in  the  alloy,  namely, 

a(Alj^Gaj_j^As; Ga-As)  ■  a(GaAs) 

a(Al^Ga,«yAs; Al-As)  -  a(AlAs)  . 

(2) 

We  use  Che  same  relation  for  6(Alj^Gaj^^As;Ga-As) 
and  S ( At j^Ga Al-As ) .  The  second-nearest- 
neighbor  force  constants,  X,  for  four  possible 
pairs  of  atoms  in  the  alloy  are  determined  by: 

X(Alj^Ga^^jjAs;Ga-Ga)«Xj»(GaAs) 

X(  Alj^Ga  j_j^As ;  As-As  )■(  1-x)  X^(GaAs)+xX3(  AlAs  ) 

X(Alj^a^_^As;Al-Al)-X^(AlAs) 

X(A1  Ga»_j.A3;Ga-Al)"(  1-x)'  ,(GaAs)*xX^(AlAs)  , 

(3) 

and  ve  use  the  same  relation  for  the  ocher 
second-nearest-neighbor  force  constants  u  and  v 
for  these  four  possible  pairs  of  atoms.  The 
distribution  of  atomic  masses  at  various 
zincblende  lattice  sites  Is  determined  for 
AljjGaj.x^^  as  follows;  (i)  all  anlon-site  atoms 
are  As  atoms;  (11)  at  a  specific  caclon-slte, 

Che  mass  Is  chat  of  A1  with  prohahlllty  x  or  the 
mass  of  Ga  with  probability  l-x  (as  determined 
by  a  random  number  generator). 
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TARL?.  I*  Force-con«;tant  parameters  (In  units  of 
10^  dyne/cm)  and  masses  (In  units  of  *0““^  g)* 

Here  the  labels  a  and  c  refer  to  the  anion  and  the 
cation,  respectively. 


GaAs  AlAs 


a 

-39.525® 

-41.546 

B 

-34.0003 

-37,760 

4.500® 

1.772 

4.500® 

-4.246 

“a 

-3.497® 

-2.217 

“c 

-4.467® 

-0.693 

'*a 

-3.697® 

-3.989 

'’c 

-4.467® 

3.553 

«a 

124.4102 

124.4102 

115.7722 

44.8044 

(a)  Parameters  for  GaAs  obtained  from  Ref.  (11). 


The  recursion  method  has  been  described 
elsewhere  and  Is  well-suited  for 

calculating  the  local  density  of  states  at  a 
specific  site  In  a  disordered  system;  d(R;fl). 
Since  d(R;G)  depends  sensitively  on  the  local 
atomic  environment,  in  order  to  obtain  the  total 
density  of  states,  which  Is  insensitive  to 
specific  local  order,  we  sum  over  an  ensemble  of 
local  densities  of  states  as  follows:  (1)  at  the 
center  of  the  lOOO-atom  cluster,  a  specific 
five-atom  ninicluster  Is  generated,  e.g,,  a 
central  As  atom  surrounded  by  one  Ga  and  three 
Ai  atoms;  (11)  the  probability  p(x)  of  this 
cluster  occurring.  In  an  alloy  with  composition  x 
Is  determined  (see  Appendix);  (111)  the 
remaining  995  atoms  of  the  cluster  are  added, 
with  As  atoms  on  anion  sites  and  either  Ga  (with 
probability  l-x)  or  Ai  (with  probability  x) 
atoms  on  cation  sites;  and  (iv)  the  local 
density  of  states  at  the  central  site  of  the 
mlnlcluster,  embedded  in  its  alloy  environment 
of  995  atoms,  Is  computed.  The  process  Is 
repeated  for  all  possible  minlclusters,  each 
embedded  In  the  995  atom  cluster.  The  anlon-site 
density  of  states  is  then  given  by 

0anlon(«>  '  • 


wh^re  the  sum  Is  over  all  possible  minlclusters, 
and  d^  and^  Pj  are  the  local  density  of  states 
and  the  probability  of  occurrence  of  the 
mlnlcluster  respectively.  The  catlon-slte 
density  of  states  is  determined  Irom  the  local 
densities  of  states  of  a  Ga  atom -and  an  Ai  atom, 
each  of  which  Is  surrounded  by  four  As  atoms, 
and  it  can  be  written  as 

'^cation^^^  *  (l-x)  dca(S:fl)  +  X 

^The  total  density  of  states  is  the  sum  of  the 
‘anlon-slte  and  cation-site  local  densities  of 
states. 

The  calculated  total  densities  of  phonon 
states  for  various  compositions 

X,  are  shown  in  Hg.  2.  To  a  good  aporoxlmation 
these  spectra  are  "persistent”,  namely  they 
appear  to  be  linear  superpositions  of  GaAs  and 
AiAs  spectra  (See  the  dashed  line  of  Fig.  2),  as 
determined  by  £q.  M).  In  three  spectral 
regions,  there  are  significant  deviations  from 
this  "persistent"  behavior;  (1)  near  75  cm”^»  In 
the  acoustic  band,  (li)  near  250  ctrr* ,  In  the 
GaAs-llke  optic  band,  and  (Hi)  near  370  cra"^, 
in  Che  AZAs-like  optic  band*  These  are  all 
"alloy  modes".  By  examining  the  local  densities 
of  states  at  various  sites  -for  different  alloy 
configurations,  we  are  able  ^to  associate  each  of 
these  features  with  vibrations  of  specific  small 
clusters.  We  discuss  this  In  the  following. 

In  the  midrange  of  alloy  compositions,  x^O.S, 
the  transverse  and  longitudinal  acoustic  modes, 
are  primarily  associated  with  the  vibrations  of 
As  atoms  that  are  surrounded  by  Ga  and  At  atoms 
at  the  nearest-neighbor  sites.  The  deviation 
from  the  persistence  spectrum  at  ^^75  cra"^  is  due 
to  fluctuations  In  the  alloy  composition:  It 
comes  from  the  contributions  of  clusters 
containing  Ga  and  At  atoms  which  are  present  In 
a  ratio  different  from  50Z  each. 

The  persistence  spectrum  (dashed  line  of  Fig. 
2)  near  270  cm”^  is  composed  mainly  of  the 
foriowlng  two  types  of  vibrational  modes:  (1) 
vibrations  of  a  central  Ga  atom  that  has  Ga 
atoms  for  its  twelve  second  nearest  neighbors, 
and  (11)  vibrations  of  a  central  As  atom  that 
has  Ga  atoms  for  its  four  first  nearest 
neighbors.  The  deviation  from  the  persistence 
spectrum  around  this  frequency  region,  namely 
the  shoulder  at  '-250  cm~*.  Is  thus  attributed  to 
the  following  alloy  modes:  (1)  vibration^  of  a 
central  Ga  atom  with  Al  atoms  replacing  »a  ato*  s 
at  the  second-nearest-neighbor  «'Hes,  and  (ll) 
vibrations  a  central  As  atom  th  At  atoms 
replacing  Ga  atoms  at  the  f Irst-nearest-nelghbor 
sites* 

The  persistence  spectrum  (dashed  line  of  Fig. 
2)  at  *^3^5  cm“^  and  -3^0  cm"*  Is  due  to 
vibrations  of  a  central  At  atom  that  has  Al 
atoms  at  the  second-nearest-neighbor  ices.  The 
deviations  from  the  persistence  limit  are 
attributed  to  the  alloy  modes,  which  are 
vibrations  of  a  central  At  atom  with  Ga  atoms 
replacing  Ai  atoms  at  the  jecond-nearest- 
neighbor  sites. 
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WAVE  NUMBER  X"  (cm’*) 


ENERGY  tift  (  meV  ) 


Fig*  2*  Oenslcles  of  phonon  states  n(n)  for 
Alj^j^Ga^As  alloys  obtained  by  the'  recursion 
method  (solid  lines)  along  with  density  of 
states  obtained  using  the  persistence 
approximation,  £q*  (1),  for  x  «  0«5  (dashed 
line)*  The  assignments  given  to  ^eminent  peaks 
represent  clusters  or  atoms  that  are  responsible 
for  the  vibrations  giving  rise  to  the  peaks*  For 
example,  As  denotes  clusters  with  a  central  As 
atom;  (As,Al)  denotes  clusters  of  a  central  As 
atom  with  A1  nearest-nelghbors;  and  (Ga,Ai) 
denotes  clusters  of  a  central  Ga  atom  with  A1 
second-nearest  neighbors  (or  nearest  cation 
neighbors). 


The  clusters  responsible  for  the  impurity 
modes  at  alloy  composition  x  »  0*(  (GaAsiAl 
local  mode)  and  x  »  O.Q  (AlAs;Ga  gap  node)  are 
as  follows;  (1)  the  sharp  peak  near  370  cm"’'  of 


At^  qAs  Is  due  to  Isolated  A1  atoms 
surrounded  by  a  mostly-GaAs  environment,  and 
(ID  the  peak  near  260  cm“*  of  AIq  jAs  Is 

due  to  vibrations  of  Isolated  Ga  atoms 
surrounded  by  a  mostly-AlAs  ervlronment^,  and  due 
to  the  vibrations  of  As  atoms  bonded  with  these 
Isolated  Ga  atoms. 

The  fact  that  the  allov  spectra  are  persistent 
(and  definitely  not  vlrtual-crystal-Uke  or 
amalgamated  —  see  Fig;  D,  especially  for  optic 
modes,,  means  that  the  , ’principal  spectral 
featuces^  can  be  roughly  labeled  by  the  Quantum 
numbers  of  the  parent  compounds  GaAs  and  AlAs  — 
despite  i'he  fact  that  the  wave-vector  %  and 
other  labels  for.  the  quantum  numbers 

are  not  sir*-,?!/  valid  for  the  allov.  Therefore, 
any  reasonable*  aUoy  theory,  which  Is  based  on 
experimentally  PPClc^  frequencies  of  the 

parent  compound  semiconductors,  should  be  able 
to  explain  the  principal  features  of  the  data. 
This  Is  why  very  slmplt^  models,  such  as  the 
randora-elenent-lsodlsplacrntnt  (RF.I)  model 
(23-25)}  have  been  successive  lor  the  purpose  of 
obtaining  optic  mode  frequencies  as  a  function 
of  alloy  composition*  The  featuros^  that  are 
difficult  for  any  model  to  oredlci:  ajre  the  alloy 
modes.  In  this  regard,  we  note  that  the  orescent 
method,  despite  Us  limitation  to  short-range 
forces,  Is  clearly  capable  of  including  anv 
alloy  modes,  whereas  most  other  theories, 
Including  the  coherent  potential  approximation 
(CPA)  (in)  and  other  similar  effective-medium 
theories,  are  Inappropriate  for  Including  the 
effects  of  clusters  of  minority  atoms  —  l,e,, 
effects  on  the  order  of  x“  or  (l-x)^, 

A,  Comparison  with  data 

In  comparing  the  calculated  densities  of 
states  with  Raman  or  Infrared  data,  one  must 
make  allowances^  for  the  deficiencies  of  the 
theory,  Including  the  facts  that  the  calculated 
spectra  do  not  Include  Raman  or  Infrared  matrix 
elements,  and  the  model  neglects  the 
Dolarlsablllty  of  the  bonds  and  rhe  long-ranged 
Coulomb  forces.  Thus,  when  viewing  the 
theoretical  predictions,  it  may  be  necessary  to 
mentally  shift  peaks  of  order  »20  cm"^,  sollt 
peaks,  broaden  them,  and  change  their 
Intensities  In  order  to  bring  the  theory  Into 
coincidence  with  the  data*  Nevertheless,  nveh 
with  these  uncertainties,  the  theory  can  he  very 
useful  for  Interpreting  data* 

a,  x»0,76 

Fig,  3Ca)  shows  Raman  data  for  At  Gaj^^As  with 
alloy  composition  x  ■  0,76,  obtained  by  Tsu  et 
al,  [1|,  and  the  best-resolved  spectrum,  at 
T  •  350  K,  among  the  resonant  Raman-scatterlng 
data  taken  by  Jusserand  and  Saprlel  (4),  The 
experimental  conditions  for  obtaining  these 
data.  In  a  perfect  crystal,  would  yield  only  the 
L0:r  modes;  backscatterlng  from  the  (100) 
surface  with  incident  and  scattered  light 
polarizations  parallel  to  the  (Oil)  crystal 
axis.  However  the  disorder  of  the  alloy  breaks 
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Ftg*  (a)  Raman  spectrum  for  ^^CaQ  2aA» 
after  Ref,  |l)  (solid  lines)  and  resonant  ftaman 
spectrum  for  AIa  75GaA  after  Ref,  |4) 
(dashed  line);  {i)  calculated  density  of  phonon 


states  for  Atf^  24^^*  Various  mode 

assignments  of*Refs,*TU  and  |4)  are  Indicated, 
At  denotes  an  acoustic  local  mode* 


the  Raman  selection  rules,  leading  to  the 
activation  of  ether  non'*LO  modes.  Thus,  while 
the  theory  (See  Figs,  I  and  3(b))  confirms  the 
general  assignment  of  the  peak,  It 

suggests  that  disorder'-actlvated  zone-boundary 
T0:L  and  TO:X  modes,  which  produce  a  peak  In  the 
calculated  density  of  states  at  ^390  cm*^  (^Ig, 
3(b)),  contribute  as  well  to  this  peak  giving 
it  breadth  and  an  asymmetric  shape. 

Concentrating  on  the  fact  that  the  selection 
rules  forbid  the  TO  modes  (in  the  crystal),  we 
speculate  chat  the  TO^^^y^  assignment  of  the 
-•360  cm**^  peak  should  be  revised:  the  theory 
(Fig,  3(b))  has  an  alloy  mode  ar  ^360  cm”^, 
which  results  from  (See  Fig,  2)  vibrations  of  At 
atoms  with  some  Ga  atoms  replacing  AX  atoms  at 
the  second-nearest-neighbor  sices  (typically 
three  Ga  atoms  and  nine  AX  atoms  at  the 
second-nearest-neighbor  sites  for  x  *  0,76). 

Ve  confirm  the  other  major  mode  assignments  of 
Ref,  (1):  the  peaks  designated  as  GaAs-like  LO 
and^  (disorder-activated)  TO  nodes  in  the  data 
correspond  to  the  persistent  part  of  the 
GaAs-like  optic  band  at  '•270  cra*^  In  the  density 
of  states  (See  Fig,  1),  The  shoulder  of  the 
GaAs-like  optic  peak  (AL:  denoted  Acoustic  Local 
node  In  the  data)  can  be  attributed  to  the  alloy 
node  at  '•250  cn*^  in  the  density  of  states  (Fig, 
2),  This  mode  is  due  to  vibrations  of  As  atoms 
with  AX  atoms  replacing  Ga  atoms  at  the 


nearest-neighbor  sites  (typically  three  AX  atoms 
and  one  Ga  atom  at  the  nearest-neighbor  sites 
for  X  •  0,76), 

The  two  lowest  bands  observed  'In  the  resonant 
Raman-scattering  data  of  Ref,  |4]  (Fig,  1(a)) 
are*  the  disorder-activated  longitudinal  acoustic 
node  and  the  disorder-activated  transverse 
acoustic  node  respectively.  The  acoustic  region 
ov~  the  density  of  states,  for  this  alloy 
composition,  retains  most  of  the  features  of 
AXAs,  and  can  be  crudely  assigned  with  the 
symmetry  points  of  AXAs.  Comparing  each  feature 
In  the  experimental  data  with  the  density  of 
states  (Fig*  1),  we  confirm  in  g,;neral  the 
LA:X(AXAs),  TA:X(AXA5),  and  U:L(AXAs)  peak 
assignments,  while  noting  that,  respec^vely, 
disorder-activated  LA:U,K(AXAs)  and  T>:L(AXAs) 
modes  should  also  contribute  to  these  ,.eaks.  Ve 
tentatively  ttass^lgn  the  peak  labeled  TA:L(AXAs) 
in  the  data,  at  least  In  part,  to  an  alloy  mode 
which  results  from  vibrations  of  As  surrounded 
by  (typically  three)  AX  atoms  and  (at  least)  one 
Ga  atom. 

b.  x-0.54 

Figure  4(a)  shows  the  Raman  data  obtained  bv 
Kim  and  Spltzer  |21  for  ailov  composition 
X  ■0.54,  The  AXAs-Uke  LO  node  and  the 
GaAs-like  LO  mode  are  very  sharp,  obeying  the 
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Ftg.  4.  (a)  Raman  spectrum  for 
after  Ref*  (2);  (h)  calculated  density  of  phonon 
states  for  the  same  alloy  composition*  The 


dlsorder**scclvated  longitudinal  acoustic  mode 
denoted  DALA* 


is 


selection  rules  for  this  experimental  geometry 
(hackscattering  from  the  (001)  surface^-wi^h 
light  polarisations  parallel  to  the  [U0| 
crystal  axis)*  The  theory  confirms  the  DALA> 
^^OaAs*  ^^AiAs  assignments*  Furthermore » 
comparing  the  data  with  the  density  of  states* 
Che  shoulders  of  the  two  main  peaks  appear  to 
have  resulted  fro»  the  alloy  nodes  which  are 
disorder  activated*  The  clusters  responsible  for 
these  modes  are  nearly  the  sane  as  chose  In  Che 
case  of  X  »  0*5,  as  described  earlier  (Fig*  2); 
the  mode  has  sidebands  assigned  to 

clusters  with  a  central  Ga  atom  and  some  At 
acoRU  as  second-neighbors  and  to  clusters  with 
As  surrounded  by  some  nearest-neighbor  At  atoms* 
The  line  has  a  low-energy  tall  due  to 

vl brae Ions  of  clusters  with  central  At  atoms 
with  some  Ga  second-nearest-nelghbors* 

111.  x-0.2 

Unlike  Che  data  for  x»0.76  and  x*0,54,  the 
Raman  spectrum  of  Fig*  S(a)  (3)  was  measured 
under  conditions  meant  to  forbid  the  10: r  and 
T0:r  modes  (In  the  case  of  a  perfect  alncblende 
crystal):  scattering  from  the  (100)  surface  with 
light  polarizations  parallel  to  the  fOOll 
crystal  axis.  Hence  the  main  peaks  are  due  to 
broken  selection  rules  and  are 
disorder-activated  (DA).  Tlie  peak  assigned  to 


two-'honon  scattering  by  transverse  acoustic 
modes  {2TA)  and  2h8  disti  rdqr-actlvated  AtAs-llke 
optic  Rwde  (DAO)  near  37^^'  cm"*  were  removed  from 
the  spectrum  hy  the  authors  of  Ref*  f3)i 
yielding  the  processed  spectrum  of  Fig.  5(b)  — 
which  chose  authors  argue  is  similar  to  the 
density  of  vibrational  states  for  GaAs.  Our 
calculations  confirm  their  density  of  states 
argument  and  support  their  assignments.  The 
somewhat  sharper  feature  in  the  cheory  at 
-280  cn"^  Is  an  artifact  of  the  theoretical 
model  due  to  the  omission  of  lang-ranged  forces: 
as  a  result  the  T0:r  and  L0;r  nodes  are 
degenerate  in  the  cheory  but  split  In  the  data. 

5*  Sunmary 

The  recursion  calculations  provide  a  good 
account  of  the  phonons  In  Al^Ga^^^As  alloys.  In 
general,  the  spectra  are  well-described  by  the 
rersistence  Hole,  Eq,  (1),  which  is  why  so  many 
assignments  of  alloy  spectral  lines  In  terms  of 
phonons  In  GaAs  or  AlAs  have  been  correct.  In 
particular  the  '*Cwo-node"  behavior  of  the 
Alj^Gai^jjAs  optic  mode  Is  a  consequence  of  the 
persistent  nature  of  phonons  In  these  alloys: 
thus  one  observes  distinct  AlAs-llke  and 
GaAs-llke  optical  phonon  modes. 

The  genuine  alloy  effects  are  the  “alloy 
modes"  that  are  not  vell-descrtbed  hy  the 
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denatcy  of  phonoa  stacet  for  che  same  alloy 
composition,  HA  Indicates  "disorder-activated.'* 
The  mode  Identifications  In  (a)  are  chose  of 
Ref.  (31. 


APPRNniX:  FrobablUtUs 

The  prohahUltles  of  occurrence  of  five-atom 
nlnlcluuters  are  calculated  assuml  .x  a  random 
pseudo-hlnary  al'j'’  In  which  all  anion  sites  are 
occupied  hy  As  atoms  and  the  Af  and  (la  atoms  are 
randomly  distributed  on  the  cation  sites.  For  a 
mlnlcluster  with  a  central  At  or  Ga  atom,  the 
four  neighboring  atoms  are  atoms.  For  a 
central  As  atom,  the  probability  of  m  At  and  n 
Oa  atoms  on  the  neighboring  sites  Is  x‘"(l-x)*', 
and  there  are  Al/{h!m!)  such  clusters. 
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Fig.  5.  (a)  Raman  spectrum  for  At^ 
after  Ref.  (3l:  (b)  spectrum  obtained  In 
Ref.  (31  by  removing  the  background,  the 
two-phonon  contribution,  and  the  DAO 
(Disorder-Activated  Optic  mode);  (c)  calculated 


perslacence  aoproxlmation,  Ec.  (1).  The 
recursion-method  theory  produces  these  modes  and 
Identifies  each  of  them  with  Che  vibrations  of  a 
specific  atom  or  cluster  of  atoms.  These 
identifications  appear  to  provide  Improved 
assignments  of  some  Raman  spectral  lines.  The 
success  of  the  theory  In  this  regard,  namely  in 
describing  the  corrections  to  the  persistence 
limit.  Is  what  makes  the  recursion  method  a 
satisfactory  theory  of  alloys.  However  the 
present  calculations  should  be  regarded  as  only 
a  first  senl-quantltatlve  attempt  to  describe 
phonons  in  IIl-V  pseudo-binary  alloys.  The 
theory  should/ be  Improved  hy  including 
long-rangei^  forces,  especially  Coulomblc  forces 
and  the  et'fect  of  the  polarlzahlllty  of  the 
alloy  constituents. 
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We  report  self-consistent  calculations  for  the  deep  levels  of  nearest-neighbor  (S,S)  substitutional 
defect  pairs  in  Si,  including  (i)  the  charge-state  splitting,  and  (ii)  ratios  of  hyperfine  tensor  com¬ 
ponents.  The  good  agreement  with  available  data  lends  credence  to  the  mesobonding  model  of 
paired-chalcogen  deep  levels. 


I.  INTRODUCTION 

A  controversy  exists  concerning  the  character  of  the 
deep-level  wave  functions  of  chalcogen  nearest-neighbor 
substitutional  pairs  in  Si.  On  the  one  hand,  Sankey  and 
Dow'-’  and  Hu  et  al.^  claim  that  the  "molecular"  wave 
function  for  the  (S,S)  deep  level  in  the  gap  of  Si  is  meso- 
bonding,  that  is,  a  cr-like  0| -symmetric^  bonding  linear 
combination  of  the  two  antibonding  p-like  7'2-symmetric 
isolated-S  wave  functions.  [These  Tj  states  of  isolated  S 
are  not  deep  in  the  gap  of  Si,  but  are  resonant  with  the 
conduction  band;  the  isolated-S  states  in  the  gap  -are 
known  to  be  of  symmetry  and  of  antibrinding  charac¬ 
ter,  but  descend  into  the  valen-v  band  for  (S  S) 
pairs. On  the  other  hand,  Wdrner  and  Schrimer'^ 
claim  that  the  corresponding  wave  function  for  (Se,Se)  is 
totally  antibonding-,  an  antibonding  linear  combination  of 
antibonding  isoIated-Se  s-like  A  (-symmetric  deep-level 
wave  functions.  Irt  the  Wdrner  model,  the  /I, -derived 
state  of  the  molecule  lies  within  the  fundamental  band 
gap.*^  (Both  of  the  theories  indicate  that  the  deep  levels 
of  (S,S)  and  (Se,Sc)  should  have  similar  wave  functions.) 

In  this  paper  we  report  self-consistent  calculations  of 
the  wave  functions  and  energies  for  (S,S)*  and  (S,S)° 
deep  levels  in  Si.  Our  results  lend  support  to  the  meso¬ 
bonding  model  and  complement  other  .self-consistent 
theories  of  extended  defects  in  .semiconductors. 

II.  METHOD 

Our  approach  is  based  on  the  Hjalmarson  et  al.  theory 
of  deep  impurity  levefs,  "*  and  .solves  the  secular  equation 

det[l-G„(£)I']=0 ,  (1) 

where  Nis  the  defect  potential  operator  and  G^iE)  ir  the 
bulk-Si  Green's  function 


Go(£:)=(£ 

^  ik.JwXk.XI 

(2) 

£-£(k,A)  ■ 

40 

The  Green’s  function  is  evaluated  using  the  sp^s* 
empirical  tight-binding  model  of  Vogl  et  al,,^^  by  simply 
finding  the  eigenvalues  £(k,A.)  and  eigenvectors  lk,A.) 
of  the  Hamiltonian.  '*  The  defect  potential  V~H  —Hq  is.^^^^ 
constructed  along  the  general  lines  suggested  by  Hjalmar¬ 
son  et  fl/.:'*  In  a  localized  Lowdin-orbital  basis  of  s,p^, 
Py,  and  p,  orbitals  the  defect-potential  matrix  is  a  32X32 
matrix  involving  only  the  two  S  sites  and  the  six  neigh¬ 
boring  Si  sites  directly  bonded  to  S  atoms.  Following  es¬ 
tablished  approximations,'*  we  neglect  the  long-ranged 
non-central-cell  Coulombic  parts  of  the  defect  potential 
and  ignore  lattice  relaxation  around  the  impurities — 
approximations  that  introduce  uncertainties  of  a  few 
tenths  of  an  eV  into  the  predicted  absolute  deep  level  en¬ 
ergies. However,  for  studies  of  charge-state  split¬ 
tings,  which  are  differences  in  deep-level  energies,  these 
theoretical  uncertainties  largely  cancel,  leading  to  a 
theory  of  the  energy  difference  much  more  .accurate  than 
0.1  eV. 

The  symmetry  group  of  a  nearest-neighbor  substitu¬ 
tional  (S,S)  pair  oriented  along  the  (111)  crystal  axis  is 
Cjy  (Ref.  4)  (versus  for  isolated  S).  The  irreducible 
representations  are  a,  (a-like),  Oj  (rotation  about  the 
S— S  bond),  and  e  (rr-like).  Thus  the  32x32  secular 
determinant  factors  into  one  10x10,  one  2X2,  and  one 
20X20  determinant,  each  with  the  form 

det(l-Gon=0,  (3) 

but  involving  matrix  elments  between  the  basis  functions 
of  a  single  irreducible  representation  only.  Details  of  the 
calculation  and  explicit  expressions  for  the  basis  func¬ 
tions  may  be  found  elsewhere.” 

The  defect  potential  is  diagonal  in  a  Lowdin-orbital 
basis  for  the  perturbed  crystal,  with  the  values 

<(,a:R|  N|i,a:R>=/?,{£(/.CT:R)-W'(/,(T:R))  (4) 

where  P;  =0.8  for  i  =s  and  /?,  =0.6  for  t  =p^,  Py,  or  p..  '* 
Here  R  labels  the  atom  and  a  denotes  .spin;  lk'(/,j:R)  is 
the  value  of  E{i,a‘,R)  for  bulk  Si. 

The  defect  potential  is  determined  self-consistently  us- 


7883 


©1989  Thi  American  Physitul  Society 


40 


THEORY  OF  CHARGE-STATE  SPLITTINGS  OF  DEEP  LEVELS  . . . 


7889 


TABLE  L  Computed  occupation  numbers  n{i,a\R)  for  the 


(S,S)  and  isolated  S  defects  in  Si. 

Occupation  number 

($.5)" 

(S.S)' 

(S)" 

(S)' 

2n(^.<z:Ro) 

2.01 

1.96 

1,97 

1,92 

2/i(pp,«z:Ro) 

3.86 

3.86 

3.84 

3.87 

2n(^i<^:Ri) 

1.26 

1.26 

1.25 

1.30 

2n(/’^,<^:Rj) 

11,0 

2.65 

2,60 

2,64 

2,57 

ing  the  scheme  of 

Haldane 

and  Ander-son.’" 

The 

atomic-orbital  energies  are 

X 

£(s,or)=£{>-h(/„2' 

n(s,a‘)+lJ,p  2 

,a') 

(5a) 

a  /i,i/ 


and 

E(py,a)=Ef-\rUff  2' O'' 

/4,a'  a* 

where  v  and  n  run  over  ;c,  y,  and  z,  and  ihe  prin»e  on  the 
summations  means  that  terms  with  a=a'  and  v—p  are 
excluded.  The  occupation  numbers  n  are  either  unity  or 
zero  in  atoms.  The  Coulomb  integrals  U„,  U,f,  and  (/^p, 
together  with  the  orbital  energies  £,®  and  £p,  have  been 
determined  for  Si  and  S  by  fitting  atomic  .spectra.’ 

In  the  solid,  the  occupation  numbers  at  each  site, 
are  allowed  to  assume  nonintegral  values,  be¬ 
cause  charge  is  more  delocalized  then  in  an  atom.  At 
zero  temperature,  they  are  expressed  in  terms  of  the 
defect-perturbed  Green's  function  G  =  G„(  I  —  C(,n* 

«(/,or;R)=(-l/ir) Im</,a,R!C(£)|/,tr,R) 

—  00 

/ 

where  £y  is  the  valence-band  maximum  and  the  summa¬ 
tion  runs  over  the  occupied  bound  states  in  the  band  gap. 
Here  the  bound  states  are  normalized  as  follows:^* 


('P,l  F((//rf£)[Co(£)]F|'P^)  =  -l  .  (7) 

Since  the  occupation  numbers  n  depend  on  the  defect 
potential  V  land  vice  versa),  Eqs.  (3),  (4),  and  (6)  are 
solved  iteratively  until  self-consistency  is  obtained.  This 
is  done  for  the  deep  levels  of  both  (S,S)  *  and  (S,S)^  the 
difference  between  the  energies  of  the  two  deep  levels  be¬ 
ing  the  charge-state  splitting. 

III.  RESULTS 
A*  Occupation  numbers 

The  computed  occupation  numbers  for  a  S  site  (Rq) 
and  a  Si  site  (R^)  are  given  in  Table  I,  They  add  to  (al¬ 
most)  six  electrons  per  S  atom  and  four  per  Si  atom,  indi¬ 
cating  that  the  atoms  arc  all  nearly  neutral  in  their  cen¬ 
tral  cells,  regardless  of  the  charge  state  of  the  defect;  the 
extra  electron  of  (S,S)**  is  rather  delocalized  and  spends 
very  little  time  in  the  central  cells.  A  similar  situation 
held  for  isolated  S  in  Si  (Ref.  6)  that  has  virtually  the 
same  ocuopaiion  numbers  n(/,a,R)  as  (S,S),  despite  the 
fact  that  the  deep-level  wave  function  is  qualitatively 
different— being  A  |  i;t  character  rather  than  Tj  derived. 
(See  Table  I.) 

B.  Comparison  with  data 

The  principal  results  of  the  calculation,  as  they  relate 
to  data,  arc  displayed  in  Table  11.  These  include  the 
charge-state  .splittings  £((S,S)^1— £((S,S)‘^)  and 
£((S)^’)  — £((S)^],  respectively,  and  various  measured 
functions  of  the  hyperfine  tensor's  components,  and 
A I  for  (S,S}'^  and  and  £.  for  (S)^,  as  computed  in 
Refs.  1,  2,  and  S.  Note  that  all  of  these  quantities  are  in 
excellent  agreement  with  the  data.  The  p.*edicted  T2- 
derived  deep  level  of  (S,S)^  lies  a  few  tenths  of  an  eV 
below  the  measured  level,  a  result  attributable  to  the^*-p 
coupling  of  the  simplified  Vogl  tight-binding  model, 
which  is  well  known  to  push  the  indirect  conduction- 
band  minima  of  Si  down  to  their  experimental  energy, 
while  .simultaneously  depressing  the  p-!ike  Tj-derived 


TABLE  II.  Comparison  of  theory  with  data  for  the  charge-state  splittings  £((S,S)^*J-£((S.S)* )  and 
£((S)®J— £((S)*)  for  (S,S)  and  isolated-S  deep  levels  in  Si,  absolute  energy  £{(S,S)”)  of  the  neutral  (S.S) 
deep  level  (with  respect  to  the  valence-band  maximum),  and  various  ratios  of  the  principal  values  for 
the  hyperfine  tensor  A  of  (S.S)  ^  and  B  of  (S)*,  The  data  for  Ai/A^  and  ( —  /4|)/( /( 1+2/1 .)  arc  for 
(Se.Se)'*"  because  we  were  unable  to  find  comparable  data  for  (S,S)*.  This  substitution  of  Se  data  for  S 
data  is  justified  because  the  S  and  Se  deep  levels  in  Si  are  known  to  be  almost  the  same  (Refs.  2  and  5); 
Both  defects*  wave  functions  are  Si-danghng-bond-like  (Ref.  16). 


Theory 

Data 

£((S,S)'’]-£I(S.S)*  1 

0.19  eV 

O.IS  eV 

£[(S)‘')-£((S)' 1 

0.27  eV 

0.50  eV^ 

£l(S,S)"l 

0.44  eV 

0.98  eV- 

0.35 

0.37" 

A^/A^ 

0.95 

0.97  for  (Se,Se)*'‘ 

( /I  jl  — >  Ai )/( /Ig  +  2/1 1 ) 

0.01b 

0.01  for  (Se,Se)"’ 

•References  2  and  9. 
^Reference  13. 
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deep  levels  a  bit  more  than  they  should  be.^^  This  ar¬ 
tifact  of  the  mode!  can  be  correct  by  adjusting  the 
strength  of  the  woupling  until  the  theoretical 
isolated-(S)'^  deep  level  I'es  at  the  experimental  value  of 
0.86  eV — in  which  case  the  other  quantities  of  Table  II 
are  changed  very  little  and  the  ihooretiou'  *S,S)’^  deep  lev¬ 
el  is  found  to  lie  at  the  experimental  energy  of  0.98  eV  to 
within  1%. 

Our  calculated  charge  distribution  for  the  deep 
level  is  given  in  Table  III  and  is  essentially  the  same  as 
that  found  by  Sankey  and  Dow**^  for  (S,S)  using  a  non- 
self-consistent  theory  which  prt  ;iuced  remarkable  agree¬ 
ment  with  data.  Likewis»^  our  self-consistent  calculations 
for  the  deep  level  of  isolated  (S)^  (Ref,  6*  agree  w\th  an 
earlier  non-self-consisteni  calculation  by  Ren  ei  al^ 
Thus  our  theoretical  predictions  for  (S,S)^  and  (S)"^  are 
in  agreement  with  both  previous  theory  and  the 

IV.  CONCLUSIONS 

The  quantitative  agreement  between  the  self-consistent 
theory  and  the  data  is  a  strong  indication  that  the  meso- 
bonding  model  of  paired-chalcogen  deep  levels  in  Si  is 
correct.  Electron-nuclear  double  resonance  measure¬ 
ments  of  the  charge  distribution  cf  (StS)"*,  if  they  pro¬ 
duce  similar  distributions  to  those  of  Table  III,  will  pro¬ 


TABLE  III.  Computed  electronic  charge  disifibuuon  of  the 
c  I -symmetric  mesobonding  deep-level  state  in  the  fundamental 
band  gap  of  Si,  associated  with  nearest-neighbor  substitutional 
sulfur-pair  impuritic:*  The  index  /x  rm’s  over  .x,  y,  and  z; 

the  index  R^  runs  over  Ro  and  R|,  that  is,  over  the  sulfur  sites; 
.md  runs  over  Rj.  R4,  R5,  R^,  and  R?:  the  first-neighbor 
silicon  atoms  to  each  S  impurity. _ 


State 

Electron  charge  (%) 

2  lM'|i.R;(S)>|-/2 

3.4 

i;  |('{'|/,,.R,(S)>|V2 

1.9 

2  |{'l'ii.R.(Si)>|’/6 

1.3 

2  |<’l'l/>,.R,.(Si)>|V6 

7.7 

vide  final  resolution  of  the  mesobonding  versus  totally  an¬ 
tibonding  controversy, 
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The  following  anonalies  in  the  (GaSb)|^Ge2x  ^^aaan  data- ace  slaply 
explained  using  an  alloy  theory  and  an  order*dlsorder  phase*translclon 
Qodel:  (1)  the  discontinuous  dependence  on  x  of  the  Ge*lllce  LO  aode, 

(11)  the  anoaalous  LO-IO  splitting,  (ill)  the  discontinuous  change  in 
the  derivative  with  respect  to  x  of  the  GaSb*liVe  LO  line  width,  (iv) 
the  oaxiaua  as  a  function  of  x  of  the  Ge*liice  LO  line  width,  and  (v)  the 
asymmetries  of  Che  LO  lines • 


In  this  communication  we  report  calculations 
of  the  densities  of  vibrational  states  for 
metastable,  substitutional,  crystalline 
(GaSb) ^_^Ge2x  alloys  [1,2]  and  provide 
explanations  of  the  following  anomalies  in  the 
Raman  data  [3]  for  these  alloys:  (1)  the 
discontinuous  dependence  on  x  of  the  Ge*llke 
longitudinal  optic  (LO)  laode  frequency  0,  (ii) 
the  existence  of  a  discernible  splitting  between 
the  long-wavelength  (lc»9)  longitudinal  optic  and 
transverse  optic  (TO)  .modes  for  x<0*3  but  not 
for  x>0.3,  (ill)  Che  GaSb-like  LO-mode  width  W' 
that  increases  with  x  and  exhibits  a 
discontinuous  change  in  dW'/dx  at  x^O*!,  (Iv) 

Che  Ge  LO-raode  width  W  that,  as  a  function  of  x, 
is  maximum  for  x=:0«3  and  has  a  discontinuous 
derivative  dW/dx  near  x*0*3,  and  (v)  asymmetries 
of  the  LO  modes  chat  are  not  smooch  functions  of 
x« 

The  calculations  are  based  on  a  Bom 
von  Kariaan  rlgld-lon  (4)  model  of  Che  lattice 
dynamics  of  GaSb  and  Ge,  The  alley  fluctuations 
are  incorporated  using  the  recursion  method  (5) 
(executed  to  51  levels  for  1000  atoms),  with  Che 
distributions  of  atoms  on  the  nominal  anion  and 
cation  sites  of  a  zlncblende  lattice  being 
governed  by  the  zincblende-diamond  phase- 
transition  model  with  a  critical  alloy 
composition  x^-0*3  (6,7),  as  evaluated  In  a 
mean-field  approximation  (8).  To  facilitate  the 
calculations,  Interatomic  forces  with  ranges 
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longer  than  the  second-nearest-nelghbor  distance 
ace  omitted  from  the  densities  of  states 
evaluation.  The  calculations  (except  for  the 
phase-transiticz*  aspects)  are  similar  to  those 
reported  for  (9);  details  of  the 

calctilacional  aethod-and  tables  of  the  relevant 
force  constants  are  available  (10,11].  The 
output  of  the  calculation  is  an  ensemble- 
averaged  approximation  to  the  density  of 
vibrational  states  per  unit  cell 

o(n)  -  sia-a^). 

where  N  is  the  number  of  unit  cells  and  the  sum 
Is  over  all  elgenraodcs  with  eigenvalues  0^.  The 
results  for  ^^^Sb)  j^j^Ge2^  are  displayed  in 
Fig.  1,  for  various  values  of  the  composition  x 
and  the  order  parameter  M  of  the  phase 
transition,  which  is  proportional  to  the  average 
electric  dipole  raooenc  per  unit  cell.  (Recall 
that  In  this  nx)del  the  LO  and  TO  modes  at  ic«i) 
are  degenerate.)  Many  features  of  the  alloy 
density  of  states  spectra  can  be  associated  with 
the  densities  of  .states  of  either  GaSb  or  G>: 
for  x»0.5  wfi  compare  the  average  of  the  GaSb  and 
Ge  spectra  with  the  alloy  density  of  states.  In 
Fig.  I,  we  associate  deviations  from  this 
average  with  "alloy  modes”  (9)  and  Identify  the 
major  spectral  features  with  the  vibrations  of 
specific  bonds  in  the  alloy. 

Especially  noteworthy  Is  the  fact  that  the  Ge 
optic  mode,  which  is  due  mostly  to  vibrations  of 
Ge  atoms  and  Ge-Ge  bonds,  has  a  low-energj'  Ca-Ge 
sideband  that  is  dlscemlblc  in  Fig*  1  for 
x<0,5.  The  calculated  splitting  between  the  Ga- 
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Fig.  1,  Calculated  densities  of  phonon  states 
for  ^C*Sb)^_jjGejjj  alloys,  assuming  the  phase- 
transitloa  model  (7)  with  an  order  paraoecer  M 
{solid  lines}*  The  dashed  line  is  che  average  of 
Che  GaSb  and  Ge  densities  of  states*  Various 
peaks  are  associated  with  specific  bonds* 

Ge  and  Ge-Ge  spectral  feature.^  Is  :i7cn!“^  (12)* 
Ustog  the  calculated  splitting  and  the  known  LO 
k-0  mode  frequencies  In  Ge  and  GaSb  (13),  we 
find  an  explanation  of  che  anomalous 
discontinuity  In  the  Ge-llke  LO-mode  position 
(Fig*  2):  Soch  the  Ge-Ge  and  Ga-Ge  vibrations 
CMxlst  within  the  "Ge-llke  LO  peak”  at  slightly 
dif.erent  frequencies  Q;  in  Ge-rlch  material  the 
Ge-Ge  peak  is  prominent,  but  in  GaSb-rich 
oacerlal  che  Ga-Ge  feature  dominates  che  ”Ge- 
llke  LO  mode*”  Hence  the  discontinuity  in  che 
p63k  Dositlon  versus  x  Is  due  to 
switching  of  che  most  prominent  spectral  feature 
from  Ga-Ge  to  Ge-Ge* 


^  Fig.  2.  Peak  positions  a  (in  cra’*^0  of  che  Ge- 
like  LO  modes  ver.5us  alloy  composition  x,.  after 
Ref-  [3J  (data  points).  The  parallel  lines/ 
through  the  data  for  the  UO  modes  assldciaced 
witl^  the  Ge-Ge  and  Ga-Ge  bonds  are  separated  by 
the  calculated  amount,  =7  ca”^  (12),  with  the 
Ge-Ge  and  Ga-Ge  end  points  fit  to  che  observed 
LO-aode  frequencies. 

Another  feature  of  the  data  (3)  is  che 
apparent  absence  of  a  discernible  LO-TO 
snllttlng:  (14)  of  the  GaSb-like  modes  for 
x>0*3,  although  the  breadth  of  che  princinal 
spectral  features  may  prevent  observation  of 
small  splittings*  Nevertheless,  "the  phase- 
transition  model  (7)  offers  a  simple  explanation 
of  this  phenomenon:  The  net  average  dipole 
moment  per  unit  cell  vanishes  at  the  critical 
composition  x^^O.S;  as  a  result  che  LO-TO 
splitting,  which  ^  a  perfect  crystal  is 
proportional  to  tfe  square, -of  the  dipol<*  moment 
(14,151,  likewise  v^ishcs  (16)*  In  Fig.  3  we 
plot  che  theoretical  prediction  for  the  oocic 
mode  obtained  from  the  alloy  theory  of  rig.  1 
(with  no  long-range  forces),  shifted  slightly 
(17),  and  split  a  posteriori  by  an  amount 
proportional  to  The  square  of  che  order 
parameter  M  (18),  to  account  approximately  for 
the  charge  transfer  among  Ga,  Sb,  and  Ge  atoms. 
These  simple  ideas  seem  to  provide  a  pleasing 
explanation  of  che  data  (13). 

The  total  width  W"  of  che  GaSb-like  mode 
increases  as  a  functloi;  of  x,  with  dW'/dx 
changing  dlsconclnuously  at  x-0.3  (3).  This  Is 
symptomatic  of  a  phase  transition  with  x^»0*3; 
for  x>x^  che  distinction  between  anion  and 
cation  sites  is  lost,  which  is  reflected  in  the 
GaSb-like  LO-phoncn  line  width*  The  continued 
Increase  in  the  apparent  width  of  this  broad 
feature  as  x  increases  results  from  the  GaSb 
mode  merging  with  the  Ge-Sb  features  of  che 
spectrum,  as  seen  in  Fig*  1, 

The  Ge-li<e  optic  mode  lies  at  high  energy  and 
is  discern ihle  for  x>0;  hence  it  does  not  merge 
with  a  broad  conclnitum  of  ocher  modes  as  the 
GaSb-like  mode  does*  Its  width  Is  maximum  at 
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etiZTOpf  of  phase*^cransltioa  aodel  (for 
a^=0.3)  (7)  with  the  HaMTi  line  id.dch«  The 
entrooF^Dcr  site  (in  a  'aean-field  approxlsatlon) 
is  [71  r  : 

LO  S(x)/kg  »  (Cl-x*H!)/2)  in{(i-x+M)/2l  +  x  in  x 


(GaSb),.^Ge2, 


Fig.  3.  The  peak  positions  H  (in  cra*^)  of  the 
Raraan  lines  for  the  GaSb-like  LO  and  TO  modes 
versus  alloy  composition  x.  The  solid  line  is 
Che  shifted  [17]  theory  with  a  Lyddane-Sachs- 
Te Her ‘Splitting  [14]  proportional  to  the  square 
of  Che  order  parameter  of  the  phase-cransition 
theory  [13). 

x=0*3.  The  total  width  is  due  to  many  different 
modes  (including,  e.g.,  modes  associated  with 
Ge-Ce,  Ga-^e,  and  Ga-Ga  bonds)*  and  reflects  the 
disorder  In  the  alloy.  Qualitatively  this  width 
should  be  a  maximum  (minimum)  when  the  disorder 
is  a  maximum  (minlnura).  Since  the  entropy  is  a 
measure  of  disorder,  in  Fi:;.  4  ue  compare  Che 


(GoSb)  (GoSblj.^Gej,  (Ge) 


Fig.  4,  Total  Raman  line  width  (in  cm“^) 
versus  composition  x  for  the  Ge-llke  LO  mode  in 
(GaSb).  Gen,^.  Data  are  indicated  by  circles* 

The  sotia  line  is  the  entropy  per  sice  S(x)/k^ 
(divided  by  Boltzmann "s  constant)  evaluated 
using  the  phase-transition  theory  (7)  and  che 
dashed  line  is  che  theory  for  che  on -sir*,  model, 
which  does  not  allow  Sb-Sb  or  Ga-Ga  bond.-,*  The 
right-hand  scale  is  for  S(x)/k3,  Note  chat  che 
maximum  of  S(x)  coincides  with  che  maximum  line 
width  In  che  phase-transition  model,  but  not  in 
che  on -sice  model* 


+[(l-x-M)/2]  to[(l-x-M)/2l, 

where  M  is  che  order  parameter  of  the  transition 
[7]  and  kg  is  Boltzmann's  constant*  Tne 
agreement  between  che  theory  and  che  data  is 
gratifying. 

,The  peak  of  che  entropy  at  xsO.3  is  indicative 
of  che  order-disorder  zinebiende-diamond  phase 
transition  with. critical  composition  x^=0.3.  A 
feature  of  this  phase-transition  model  is  chat 
Sb  atcos  say  occupy  nominal  cation  sites,  and 
vice  versa  —  leading  to  SbrSb  and  Ga-Ga  bonds. 
If  c^  Sb  atoms  are  constrained  to  occupy  only 
anion  sites  and  che  Ga  atoms  reside  only  on 
cation  sites  (che  "onrsite  model"),  Chen  che 
theory  predicts  an  entropy  chat  has  a  maximum  at 
x*0,5  (Sec  Fig.  4)  [10).  Thus  the  data  for  Che 
total  line  width  are  consistent  with  the  phase- 
transition  model  and  Inconsistent  with  the  on¬ 
site  model. 

This  raises  che  issue  of  why  the  data  do  not 
exhibit  prominent  spectral  features  associated 
with  Sb-Sb  and  Ga-^a^  bonds  (since  the 
appreciable  number  of  antisite  Sb  and  Ga  atoms 
predicted  by  the  theory  produce  such  bonds).  In 
particular,  a  strong  Sb-Sb  peak  had  been 
expected  near  193  cm“^  [3).  In  fact,  the  theory 
(Fig,  1)  shows  chat  the  Sb-Sb  features  are  weak 
even  In  the  mean-field  approximation  to  che 
phase  transition,  and  they  are  likely  to  be 
weaker  yet  In  a  theory  chat  allows  for  atom-atom 
correlations  (and  hence  has  fewer  Sb-Sb  bonds 
(191).  Thus  Fig.  I  suggests  chat  the  Sb-Sb  bonds 
merely  contribute  to  a  relatively  broad  and 
featureless  shoulder  of  the  GaSb-like  LO  line, 
rather  than  produce  a  prominent  peak  in  the 
spectrum. 

Finally,  we  note  that  the  asymmetries  of  che 
GaSb-llke  and  Ge-llke  LO  lines  have  been 
reported  to  have  anomalous  dependences  on 
composition  x,  with  discontinuous  derivatives 
(3].  This  is  symptomatic  of  che  fact  that  che 
lines  are  composed  of  features  associated  with 
several  different  modes:  che  different  modes 
have  changing  importance  in  che  overall  line  as 
X  varies,  and  this  manifests  Itself  as  an 
anomalous  dependence  of  the  overall  line 
asymmetry  on  composition. 

In  summary,  the  main  features  of  the  Raraan 
data  for  (GaSb)*^jjGeojj,  once  thought  to  be 
mysterious  and  a.;omaIous,  are  naturally 
attributed  to  che  combined  effects  of  alloy 
fluctuations  and  an  order-disorder  zinebiende- 
diamond  phase  transition  (20). 
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X-ray  diffraction  data,  ellipsometry  data,  Raman-scattcring  data,  and  theory  combine  to  provide 
strong  evidence  of  a  zinc-blendc-diamond  order-disorder  transition  with  ;c<.  s:0.3  that  affects  the 
crystal,. electronic,  and  vibrational  structures  of  (GaAs)|_jt(Ge:),  metastable,  substitutional,  crys¬ 
talline  alloys.  It  is  argued,  based  on  analyses  of  extended  x-ray-absorption  fine-structure  data  for 
(GaSb)j_j^{Gc2),,  that  the  number  of  anion-anion  bonds  in  these  alloys  is 

significant,  and  requires  a  theory  that  goes  beyond  the  mean-field  approximation. 


The  proposal^’^  that  long-lived,  metastable,  substitu¬ 
tional  crystalline  alloys, such  as  (GdiAs)^_y^{Gei)x  and 
(GaSb)j_j5(Ge2);c,  e.xhibit  an  order-disorder  zinc- 
blende-diamond  phase  transition  as  a  function  of  alloy 
composition  x  has  stimulated  considerable  interest  and 
discussion^"***  and  some  controversy.^”**  The  original 
proposal  was  motivated  by  data  for  the  direct  energy 
band  gap  of  (GaAs)j_;j(Ge2)x,  which  showed  non¬ 
parabolic  K-shaped  bowing  as  a  Inunction  of  ;c,  with  the 
minimum  of  the  V  at  the  phase-transition  composition 
near  xc=0.3  (Ref.  2).  In  this  paper  we  report  x-ray 
diffraction  data,^  ellipsometry  data,  Raman-scattcring 
linewidth  data,  and  theory  which  together  demonstrate, 
conclusively,  the  existence  of  the  predicted  order- 
disorder  transition  and  its  role  in  determining  the  crys¬ 
tal,  electronic,  and  vibrational  structures  of 
(GaAs)j^jj(Ge2)x  metastable  alloys. 

The  idea  of  the  phase-transition  modeP  is  that  for 
small  X,  the  alloy  (Ga.Asli.^flGe,);^  is  GaAs-like  (with 
Ge  substitutional  “impurities”),  retaining  the  zinc-blende 
crystal  structure;  but  for  large  x,  the  alloy  is  Ge-like 
(with  Ga  and  As  substitutional  “impurities”),  retaining 
the  diamond  structure.*^  The  zinc-blende  phase  has 
well-defined  anion  sites  occupied  almost  e.xclusively  by 
As  or  Ge  atoms  and  cation  sites  occupied  predominantly 
by  Ga  or  Ge.  For  Ge-rich  alloys,  however,  the 
diamond-structure  crystal  has  Ga  atoms  occurring  on 
both  nominal  anion  and  cation  sites  since,  in  the  limit  of 
X  near  unity,  there  are  too  few  Ga  and  As  atoms  to  force 
the  Ga  atoms  all  to  align  on  one  “cation”  sublattice.  A 
phase  transition  must  occur  between  these  limiting  ex¬ 
tremes,  i.e.,  there  must  exist  an  intermediate  composi¬ 
tion  x^  such  that  for  the  distinction  between 

anion  and  cation  sites  is  lost,  the  average  net  dipole  mo- 
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ment  per  unit  cell  vanishes,  arid  the  crystal  structure  of 
the  alloy  becomes  diamond  rather  than  zinc  blende.  The 
F-shaped  bowing  of  the  direc.-gap  data  indicates,  that 
the  critical  composition  is  near  x^  =i0,3.*** 

The  phase-transition  model  of  the  alloy,  in  its  first 
form,  used  only  the  mean-field  approximation,  and  thus 
the  theory  contained  the  well-known  problems  of  that 
approximation.  In  particular,  as  shown  by  Koiller 
et  mean-field  theory,  which  predicts  adequately  the 
long-wavelength  properties  of  the  (GaAs)j_;t(Ge2)jc  al¬ 
loys,  is  less  reliable  at  short  wavelengths  or  short  dis¬ 
tances,  and  overestimates  somewhat  the  number  of  an¬ 
tisite  defects  or  As — Ao  bonds  to  be  expected  in 
(GaAs)i^;c(Ge2);c-  Quantitatively,  the  calculation  of  the 
order  parameter  M(x),  which  is  proportional  to  the 
average  electric  dipole  moment  per  unit  cell,*  is  not 
correct  in  either  the  original  mean-field  theory  or  the 
Koiller  et  al,  correlated  theory:  these  mean-field 
theories  predict  that  Mix)  varies  as  ix  —  a\.)*''%  rather 
than  the  currently  expected  form,  M  (.x)— (x  — .x^.  with 
(3  being  the  critical  exponent  assuming  that  x^  de¬ 
pends  linearly  on  temperature).*^  In  the  limit 
a-^0,A/(a)  is  closer  to  unity  in  a  correlated  theory^ 
than  in  mean-field  theory.  Although  these  difficulties 
may  affect  some  of  the  detailed  quantitative  predictions 
of  the  mean-field  theory  (as  discussed  below),  the  prob¬ 
lems  with  a  mean-field  approximation  do  not  affect  ei¬ 
ther  the  qu;»!ifaiive  prediction  of  the  zinc- 
blende-diamond  phase  transition  near  x^~0.3,  or  many 
of  the  semiquantitative  predictions  of  the  long- 
wavelength  properties  of  these  alloys. 

One  experimental  signature  of  a  zinc-blende  crystal 
structure  which  differentiates  it  quaiitatively  from  a  dia¬ 
mond  crystal  structu.e  is  the  (200)  .x-ray  diffraction  spot. 
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which  must  vanish  abruptly  at  a  zinc-blende-diamond 
phase  transition,  because  then  the  distinction  between 
cation  and  anion  sites  vanishes.  Thus,  if  the  phase- 
transition  model  is  correct  for  these  alloys,  for  x  a 
distinctive  (200)  x-ray  spot  should  be  observed,  but  for 
x>Xc  siich  a  distinctive  spot  should  be  absent.  To  veri¬ 
fy  the  model,  samples  of  (GaAs)|^;j(Ge2);t  alloy  were 
prepared  on  GaP  substrates  and  measured  by  x-ray 
diffraction."^ 

(GaAs)|_j^(Ge2);c  films  on  undoped  semi-insulating 
GaP  substrates  were  grown*^  in  a  multitarget  rf  sputter¬ 
ing  system,  the  general  features  of  which  have  been  de¬ 
scribed  elsewhere.*"^* The  key  to  growing  single-phase 
metastable  alloys  (GaAs),^;j(Ge2);c  is  the  use  of  low- 
energy  Ar-ion  bomba’*dmeni  in  order  to  collisionally  mix 
the  upper  one  or  two  atomic  layers  of  the  fil^m  during 
growth.  (The  substrates  were  kept  at  450- 550 ’'C  during 
growth.)  The  detailed  sample  preparation  and  growth 
techniques  are*  discussed  in  Ref.  16.  Electron  channeling 
measurements  using  a  JEOL  scanning  electron  micro¬ 
scope  verified  that  the  films  were  single  crystals,  and  film 
compositions  were  determined  to  ±0.5  at.  %  by  a  JEOL 
electron  microprobe  referenced  to  Ge  and  GaAs  wafers 
as  standards,  using  the  MAGiciv  computer  program*^  to 
make  matrix  corrections  for  fluorescence,  absorption, 
and  atomic  number.  The  x-ray  measurements  employed 
a  high-precision  triple-crystal  diffractometer  and  a 
Rigaku  RU-200  rotating  anode  source^  operating  at  55 
kV  and  100  mA,  and  emitting  0.7093-A  Mo  Ka^  radia¬ 
tion.  All  samples  analyzed  were  (lOO)-oriented  single 
crystals. 

In  Fig.  1  we  show  measurements  of  the  x-ray  (200) 
spot  intensities  /(2001  (appropriately  normalized)  as  func¬ 
tions  of  alloy  composition  x  for  (G2iAs)^^j^{Ge^\  meta¬ 
stable  alloys  (grown  on  GaP  substrates)  and  for 
(GaSb)|_;j(Gc2)x  (grown  on  GaAs)."*'*®  These  intensities 
drop  precipitously  at  the  critical  compositions  x^  and 
vanish  for  x  >Xf:  the  distinction  between  anion  and  cat¬ 
ion  sites  vanishes  and  the  net  average  electric  dipole  mo¬ 
ment  per  unit  cell  (the  order  parameter  of  the  phase 
transition)  is  zero.  Similar  behavior  has  been  observed 
by  other  workers  in  (GaAs)|_;p(Ge2)jc‘*^  Clearly,  the  x- 
ray  diffraction  data  alone  provide  unambiguous  and 
compelling  evidence  that  the  zinc-blende  character  of 
the  crystal  structure  and  atomic  geometry  disappears 
near  x^-rO.4 — a?  implied  by  the  zinc-blende-diamond 
order-disorder  transition  theory  and  previous  interpreta¬ 
tions  of  the  direct-gap  data.*'*  (The  slight  difference  be¬ 
tween  the  value  Xf2r0.4  extracted  from  the  x-ray  data 
for  samples  grown  on  GaP  substrates  and  x^^O.3  for 
the  other  measurements  of  samples  on  GaAs  substrates 
is  not  significant,  because  depends  on  the  growth  con¬ 
ditions.)  The  experimental  data  are  also  in  good  qualita¬ 
tive  (but  not  quantitative)  agreement  with  the  mean-field 
calculation  of  the  order  pt;rameter,  also  shewn  in  Fig. 
1.2® 

Ellipsomeiry  data  show  the  effects  of  the  order- 
disorder  transition  on  the  electronic  structure.  The  mea¬ 
sured  energy  of  the  edge^*  of  'GaAs)|.^(Ge2)jc  alloys 
is  displayed  as  a  function  of  x  and  compared  with  the 


theory  (evaluated  in  a  mean-field  generalized  virtual- 
crystal  approximation^)  in  Fig.  2.  (This  edge  has  been 
resolved  from  the  edge^'  by  using  Lorentzian 

filling,  with  an  estimated  experimental  error  of  50  meV.) 
The  experimental  results  show  a  definite  kink  near 
.x^:-0.3,  in  good  semiquantitative  agreement  with  the 
theory.22  Such  K-shaped  bowing  of  a  band  gap  as  a 
function  of  x  in  an  alloy  is  a  general  feature  of  a  phase 
transition  (Refs.  2  and  23),  and  has  been  observed  for  the 
direct  band  gaps  of  both  (GaAs)i«,^(Ge2);f  (Ref.  1)  and 
{GaSb)i_;f(Ge2);f  (Ref.  24),  with  minima  near  x<.2s0,3. 
Both  theory^  and  experiment  agree  that  the  amount  of 
bowing  found  for  £i(x)  should  be  of  the  same  order  of 
magnitude  but  less  than  that  found  for  the  direct  gap.^^ 
The  data  show  the  E\  bowing  to  be  about  half  of  the  Eq 
bowing. 

The  phase  transition  also  manifests  itself  in  the  vibra¬ 
tional  structure  of  (GaAs)|^;t(Ge2)x,  despite  the  fact  that 
the  masses  of  Ga,  As,  and  Ge  atoms  arc  all  nearly  equal. 
The  disorder  of  the  alloy  should  influence  the  width  of 


FIG.  1.  The  measured  normalized  diffracted  x-ray  beam  in¬ 
tensity  ratios  of  the  (200)  x-ray  diffraction  spots  of 
(GaAs)|«j|(Ge>)j,  grown  on  GaP  substrates  (circles)  and 
(GaSb)|.;i(Ge2)ji  grown  on  GaAs  (100)  substrates  (triangles  in 
inset)  vs  alloy  compoMuon  x  after  Ref.  4  We  have  R  stAjooi/ 
A400  hiio)/(A2ooj//«4ooi)ni.v.  where  the  alloy  is  lGaAs),.,(Ge2)^ 
or  (GaSb)|_j|(Ge2)j,  and  III-V  refers  to  GaAs  or  GaSb.  In  all 
cases,  the  intensities  /,2oo»  are  measured  relative  to  t!ie  (400) 
beam  intensities,  since  only  the  (200)  beam  is  e.xpecied  to  disap¬ 
pear  when  the  zinc-blende  structure  vanishes.  These  ^  *1  show 
that  (Ga.As)|.j,(Ge2)j,  and  (GaSbli.jjIGej),  undergo  phase 
transitions  at  critical  compositions  x^  (with  XfCrO.4  and 
Xf  7^0.3,  respectively)  in  which  the  zinc-blende  character — the 
distinction  between  anion  and  cation  sites — is  suddenly  lost. 
The  solid  lines  are  smooth  curves  through  the  data,  and  the 
dashed  lines  are  the  mean-field  predictions  for  the  dependences 
of  the  ratios  R  on  the  alloy  compositions  x  (assuming  that  x^  is 
0.4  and  0.3,  respectively):  R=lA/(x)/  (iV/tx  =0)(1 —g..)])-. 
(This  formula  for  R  uses  atomic  form  factors  for  GaSb,  GaAs, 
and  Ge  obtained  from  Ref.  18  and  ignores  su^a  corrections  as 
Debye-Waller  factors.  Hence  we  have  g  =0.257  and  g  =0.051, 
respectively.) 
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FIG.  2.  Measured  'variation  of  the  E\  edge  (Ref.  21)  of 
(GaAs)|«j,(Ge:)j,  (grown  on  GaAs  substrates)  versus  ajjoy  com* 
position  Xt  compared  with  the  theory.  To  emphasize  the  “bow* 
ing'*  we  have  subtracted  a  straight  line  from  each  of  the  theory 
(solid  line)  and  the  data  (points)  in  order  to  force  the  variation 
to  be  zero  for  .x  =0  and  .x  » 1. 


the  Raman  line,  both  because  the  Gc  atoms  will  be  po¬ 
larized  by  Ga  and*  As  (activating  'Torbidden^*  Raman 
lines  and  shifting  line  frequencies)  and  because  the  many 
different  cluster  environments  oDGc,  Ga,  and  As  should 
give  rise  to  inhomogeneous  broadening  of  the  LO  and 
TO  modes  in  the  alloy,  causing  them  to  overlap  (they  are 
separated  by  only  ssl5  cm"*  in  GaAs).  Indeed,  the  Ra¬ 
man  spectra  show  one  prominent  broad  long-wavelength 
optic  line  which,  for  some  compositions  x,  contains  two 
discernible  peaks  (this  line  was  fit  using  least-squares 
methods  to  a  two-peak  model  in  Ref.  16.  Thus,  the  na¬ 
ture  of  the  alloy  disorder  should  manifest  itself  in  the 
width  of  this  line:  when  the  disorder  is  a  ma.ximum,  we 
expect  the  linewidth  to  be  a  maximum,  due  to  the  con¬ 
tributions  from  the  disorder-activated  modes  and  new  al¬ 
loy  cluster  modes.  Thus,  roughly  speaking,  the 
linewidth  is  a  (scmiquaniitative)  measure  of  the  disorder 
or  the  entropy  of  the  alloy.  In  Fig.  3  we  display  the  Ra¬ 
man  linewidth  obtained  from  {GaAs)i«x(G®2J.t  a  func¬ 
tion  of  ,x.  We  also  present,  for  comparison,  the  calculat¬ 
ed  entropy  per  site'.S{;c)  of  the  zinc-blende-diamond 
phase-transition  model.^*^^  We  find  that  the  entropy 
peaks  near  ;c^  (csO.3)  and  has  a  discontinuous  derivative 
with  respect  to  x  at  features  also  apparent  in  the 
data.^^  Thus  the  vibrational  states  of  the  alloy  confirm 
both  the  electronic  evidence  gleaned  from  the  ellip- 
sometry  data  and  the  crystal-structure  evidence  provided 
by  .x-ray  diffraction:  (GaAs)i_jf(Ge2)x.  undergoes  a  tran¬ 
sition  as  a  function  of  alloy  composition  x  near  :i:0.3. 
Similar  results  were  also  obtained  for  the  Ge  linewidth 
as  a  function  of  composition  in  the  related  alloy 
(GaSWi^^fGe,)^.®*^’ 

The  direct-gap  data,  the  x-ray  diffraction  data,  the  el- 
lipsometry  data,  the  Raman  linewidths,  and  the  theory, 
when  taken  together,  all  provide  strong  evidence  of 
a  zinc-blende-to-diamond  phase  transition  in 
(GaAs)i^;ctGe2)jc,  and  its  effects  on  the  crystal,  electron- 


FIG.  3.  Measured  full  width  at  half  maximum  (in  cm"*)  of 
the  long-wavelength  Gc  longitudinal  optic  Raman  line  of 
(GaAs)i^,(Gc2);c  vs  alloy  composition  (points,  left-hand  axis)  in 
comparison  with  the  entropy  per  site  Six),  divided  by 
Boltzmann's  constant,  as  evaluated  in  the  phase-transition 
model  (solid'iine,  right-hand  axis). 


ic,  and  vibrational  structures  of  these  alloys.  Available 
data  for  (GaSb)|^;^(Gc2)jc,  a  similar  metastable  alloy, 
also  lend  support  to  the  theory.*’"^ 

Thus  the  present  theory  resolves  some  of  the  contro¬ 
versy  surroun  ling  the  original  phase-transition  theory," 
by  demonstrating  that  thcic  ,s  a  phase  transition  with 
x^ssO.3.  However,  the  aspect  of  the  original  theory  (hat 
has  generated  the  most  controversy^'**  is  the  prediction 
that  the  alloys  (GaAs)|_;j(Gc2)x  and  (GaSb)i«^(Ge2).^ 
should  contain  numerous  antisite  defects,  that  is,  As— 
As  or  Sb — Sb  bonds.  References  9,  11,  and  28  propose 
alternative  models  of  these  alloys  that  do  not  include  the 
“wrong”  bonds  As — As  or  Sb — Sb.  The  model  in  Ref. 
28  is  a  percolation  model,  with  a  zinc-blendc-diamond 
transition  composition  x.  characteristic  of  a  site-diluted 
diamond  lattice,  =0.572."^  The  Holloway-Davis  mod¬ 
el^  is  a  modified  percolation  model,  with  a.  calculated  x^ 
of  c<0.75.  The  Kim-Stern  model**  is  a  “kinetic”  extend¬ 
ed  cellular-automata  model,  producing  x^csO.26  for 
growth  in  the  [100]  direction  and  x^  <0. 18  for  spherical 
growth.  We  note  that  only  one  of  these  alternative  mod¬ 
els,  that  of  Kim  and  Stern,**  agrees  even  qualitatively 
with  the  x-ray  diffraction  data  of  Fig.  1. 

Predictions  based  on  the  Kim-Stern  model  for  either 
the  ellipsometry  data  or  the  Raman  linewidth  are  not 
presently  available,  but  the  entropy  may  be  evaluated  in 
an  on-site  model^^  that  requires  all  Ga  atom's  and  Sb 
atoms  to  remain  on  their  natural  sites.  This  on-site 
model  forbids  Ga — Ga  or  Sb — Sb  bonds  and  is,  in  that 
respect,  similar  to  the  Kim-Stern  model,  but  is  different 
in  that  i:  has  no  critical  composition.  The  entropy 
determined  from  the  on-site  model  is  in  marked 
disagreement  with  the  Raman  linewidth  data,  while  the 
entropy  from  the  phase-transition  model^*"^  has  the  same 
general  alloy  dependence  as  the  observed  linewidths. 

Recent  extended  x-ray-absorption  fine-structure  (EX- 
AFS)  data**^  yield  partial  information  about  the  atom- 
atom  correlations  in  (GaSb)j_;f(Ge2)t  grown  on  glass. 
The  interpretation  of  these  data  depends  on  a  number  of 
assumptions.  We  assume  first  that  the  alloys  are  on- 
stoichiometry  (that  is,  there  are  the  same  number  of  Sb 
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atoms  as  Ga  atoms);  that  the  crystal  is  of  good  quality 
(that  is,  that  Sb  does  not  phase  segregate  on  the  surface 
or  along  grain  boundaries);  and  that  there  are  no  vacan* 
cies.^®  We  then  extract  from  the  data  the  probabilities 
of  forming  Ga — Sb.  Ge — Sb.  and  Sb — Sb  bonds  (for  de- 
taiis,  see  Appendix  A)  The  results  are  shown  in  Fig.  4 
and  are  compared  with  those  determined  from  the 
phase-transition  model  using  mean-field  theory  (for  de¬ 
tails,  see  Appendix  A,  and,  in  particular,  Eqs.  (A2)].  In 
making  these  comparisons,  we  must  know  the  phase- 
transition  composition  for  (GaSb)|_,(Ge2);,  grown  on 
glass.  Since  zinc-blende -lattice  spots  were  only  seen  for 
a  sample  with  x  =0. 1  (not  analyzed  using  EXAFS),'®  the 
EXAFS  data  used  in  generating  Fig.  4  appear  to  be  for 
samples  that  are  all  in  the  diamond  phase.  With  that  as¬ 
sumption,  the  extracted  Sb — Sb  bond  probabilities 


V) 

I 
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FIG.  4.  Comparison  of  mean-field  bond  probabilities  vs 
composition  ;c  with  those  extracted  from  EXAFS  data  (circles) 
(Ref.  10)  for  (GaSb)|  j^lGej)*  grown  on  glass:  (a)  Sb— Sb  bond 
probability  Fsh-shl  (h)  Ga — Sb  bond  probability  (c) 

Ge — Sb  bond  probability  Solid  curves  represent  the 

theory  for  x  >  x^  (diamond  phase)  while  dasheo  curves  show 
mean-field  results  for  x  <Xf  (zinc-blende  phase,  with  x^.  chosen 
to  be  0.1, 0.2, 0.5  -long  dashes),  0.4, 0.5,  and  0.6.  Note  that  the 
extracted  EXAFS  Sb — Sb  bond  probabiliiic  are  meaningful 
on)>  for  those  sar.iples  that  are  in  the  diamond  phase.  For  de¬ 
tails,  see  the  text  and  Appendi.\  A. 


^Sb-Sb»  shown  as  circles  in  Fig.  4(a),  are  all  between  5% 
and  7%.  This  result  is  qualitatively  consistent  with  the 
idea,  from  the  original'  phase-transition  theory*  ;that 
^sb-sb  is  nonzero*^*  and  implicitly  contradicts  the  cen¬ 
tral  assumption  of  the  Kim-Stern  model,  that  Psb~sb  is 
zero.  Now  compare  the  Ga — Sb  bond  probabilities 
determined  from  the  EXAFS'  data  [denoted  circles  in 
Fig.  4(b))  with  the  results  from  the  phase-transition  mod¬ 
el  using  mean-field  theory^  (soiidN  line  (diamond  phase) 
and  dashed  lines  (zinc-blende  phase)  in  Fig.  4(b),  with  x^ 
chosen  between  0.1  and  0.6).  Qualitative  agreement  with 
the  theoretical  result  is  obtained  for  chosen  to  be 
larger  than  O.l,  and  of  the  order  of  that  cibserved  in  Fig. 
1  for  (GaSb)j_^(Ge2)jc  grown  on  GaAs:  x^srO.S  [long 
dashed  lines  in  Fig.  4(b)).  If  the  phase-transition  compo¬ 
sition  of  (GaSb)|.;f(Ge2)x  is  indeed  then  only 

the  extracted  bond  probabilities  for  Sb— Sb  wkh  x  >0.3 
are  reliable  in  Fig.  4(a)  (see  Appendix  A),  In  either  case, 
it  appears  that  Sb — Sb  bonds  do  occur  with  non- 
negligible  probabilities  (5-7%)  for  compositions  x:,near 
0.5, 

Further  EXAFS  measurements  of  the  Sb  edge  would 
clarify  this  issue  by  directly  revealing  the  number  of 
Sb— Sb  bonds.  It  would  be  desirable  if  these  measure¬ 
ments  were  made  on  samples  for  which  x-ray  diffraction 
data  exist,  of  the  quality  of  Fig,  1,  e.g..  the  single-crystal 
samples  of  (GaSb)|.^(Ge2);t  grown  on  GaAs. 

Thus  the  phase-transition  mode!,  evaluated  in  a 
mean-field  approximation,  provides  a  rather  satisfactory 
description  of  the  long-wavelength  properties  of 
(GaAA),^j,(Ge2);r  and  (GaSb)|^jf(Ge2);t.  As  expected, 
the  mean-field  approximation  does  nut  pro\idc  a  satis¬ 
factory  quantitative  description  of  short-wavele.4gth 
atomic  correlations,  as  determined  by  EXAFS;  and  a 
theory  that  correctly  predicts  that  number  of  “wrong** 
anion-anion  bonds  is  needed. 
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APPENDIX 

Here  we  derive  the  formulas  used  in  extracting  bond 
probabilities  from  the  EXAFS  daia.*^ 

Denote  5he  probabilities  that  atoms  /  and  J  occupv 
cation  or  anion  sites  to  be  P  and  P",  re.sfcctivch,  wher- 
ij  take  on  the  values  Ga,  ue,  and  Sb.  Similariy,  let  P„ 
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be  the  oriented-pair  probability  that  an  atom-  i  on  a  cat¬ 
ion  site  is  bonded  to  an  atom  j  on  an  anion  site.  Note, 
Pij=P‘Pj+yij,  where  yjj  is  the  difference  between  a 
mean-field  theory  (>';;=0)  and  a  correlated  theory 
The  oriented-paif, .probability  P,j  is  different 
than  the  probability  Pq  of  forming  a  bond  between 
atoms  /  and  f. 

Pij=Pij+Pii 

=Pij  if(=;.  (Al) 

In  mean-field  theory  we  find 

^Ga-sb  =  [(*-^)^+'^^]/2  forA:<;ic, 

=  (1-a:)V2  .“or  a:  >  .tc  , 

^G«-Ge=^Sb-Ge=''«(l-^)  >  ' 

—  —  -,1  (A2) 

^Sb-Sb=^Ga-Ga  =  [(l-^)  for 

=(l-.x)^/4  for  X  >Xc  , 
and 

hc-at=x^  • 

Now,  assuming  that  all  sites  are  occupied  (there  are  r«o 
vacancies),  we  have  the  following  relationship  between 
the  Gi  iehted-pair  probabilities  and  the  on-site  probabili¬ 
ties: 

2P>j=Pf  (A3) 

t 

and 

=  >  (A4) 

J 

where 

•  <A5) 

i  J 

Similarly,  the  bond  probabilities  obey  the  normalization 
rule: 


^  Gc-Ga  Ga-Sb  +  P  Ga^Ge  +  ^^Sb— Sb  +  /’sb-Gc 

■h^Ce-.Gc  =  l  •  (A6) 

The  normalizations  for  the  oriented-pair  probabilities  are 
thus  more  restrictive  than  those  for  the  bond  probabili¬ 
ties:  Three  probabilities  enter  Eqs,  (A2)  and  (A3),  versus 
six  in  Eq.  (A5). 

The  EXAFS  measurements*^  determine  the  numbers 
of  Sb  neighbors  of  Ga  and  Ge,  which  we  denote  here  as 
the  functions  /l(x:)  and  j5(x),  respectively.  These  func¬ 
tions  are  related  to  the  bond  probabilities  by 


A  (;c)=4P(3j_sb/(l-^) 

(A7) 

and 

5(.x)=4Fsb-Oe/2Jc  . 

(A8) 

Since  zinc-blende-lattice  spots  were  not  observed  in  x- 
rav  diffraction*®  (with  the  exception  of  a  sample  with 
X  =0. )  that  was  not  analyzed  using  EXAFS),  we  as¬ 
sume  tor  the  moment,  that  all  samples  were  in  the  dia- 
This  implies  then  that 

Pij  =  Pji  {x>x,),  (A9) 

allowing  us  to  extract  both  oriented-pair  probabilities  as 
well  as  pair  probabilities  from  the  EXAFS  measure¬ 
ments: 

Sb  =  2Fsb— Ga  =(  1  ,  (A  10) 

^Ge— Sb  Gc  ,  (All) 

and,  using  Eq.  (A3), 

-^Sb-Sb  =  Fsb—Sb  =  ( 1  )  /2  -  Poi^Sb  Sb  • 

(A  12) 

These  extracted  probabilities  are  plotted  in  Fig,  4  along 
with  the  results  from  mean-field  theory,  Eqs.  (A2).  Note 
that  Fsb~sb  is  decidedly  nonzero  and  that  all  the  ex¬ 
tracted  bond  probabilities  are  of  the  same  order  of  mag¬ 
nitude  as  the  mean-field  results. 
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The  energy-band  structure  of  InN  is  predicted  using  the  pseudofunction  method  (a  fnst- 
principles,  self-consistent  local-density  scheme).  Some  significant  differences  exist  between  this  elec¬ 
tronic  structure  and  extrapolated  empirical  tight-binding  theory  for  InN, 


L  INTRODUCTION 

InN  has  recently  been  observed  to  have  both  a  high 
mobility  (4X 10^  cm^/V  sec,  Ref.  1)  and  a  band  gap  in  the 
visible  region"  (orange,  about  2  eV),  leading  to  the  sugges¬ 
tion  that  Ini^^jGa^^N  alloys  may  be  fabricated  into  detec¬ 
tors,  lasers,  and  light  emitters  in  the  visible  and  ultravio¬ 
let  portion  of  the  electromagnetic  spectrum.^’"*  While  the 
band  gap  of  GaN  lies  in  the  ultraviolet  region  and  its 
energy-band  structure  has  been  thoroughly  studied', the 
band  structure  of  InN  is  not  well  understood — having 
been  investigated  only  recently,  with  conflicting  vq- 
suits. 

Calculations  of  the  InK  band  structure  based  on 
empirical  pseudopotential  theory^’"  have  produced  a  fun¬ 
damental  band  gap  that,  by  construction,  equals  the  ob¬ 
served  value  of  2  eV.  To  our  knowledge,  the  only  elec¬ 
tronic  structure  theory  for  InN  with  any  proven  ability  to 
actually  predict  the  b;ind  gap  is^an  extrapolated  empirical 
tight  binding  th  ^  '’'’ight-omding  parameters  deter¬ 
mined  by  fitting  the  known  band  gaps  of  other  III-V 
semiconductors  have  been  used  to  extrapolate  the  corre¬ 
sponding  parameters  for  InN  and  to  successfully  predict 
its  2-eV  band  gap.  Tight-binding  theor*'.  while  predicting 
a  good  band  gap,  produces  valence  bands  that  are  quite 
narrow  in  comparison  with  the  valence  bands  of  empiri¬ 
cal  pseudopotential  theory.  These  conflicting  features  of 
the  published  band  structures  suggest  that  more  theoreti¬ 
cal  and  experimental  work  on  InN  is  needed;  Thus  a 
genuine  first-principles  theory  of  the  band  structure  of 
InN  is  called  for. 

In  this  paper  we  present  the  band  structure  of  InN,  as 
calculated  using  the  pseudofunction  method*^ —  i  first- 
principles,  self-consistent  sche*nc  based  on  the  local- 
density  approximation.  Our  rcMilis  clifler  in  deluti  both 
from  previous  empirical  pseudo-potential  theory  and 
from  tight-binding  theory,’  and  indicate  the  .  ied  for 
measurements  such  as  photoemission  to  resolve  ..eniain- 
ing  controversies  concerning  the  electronic  stru  Mure  of 
InN, 


II.  .METHOD 

We  employ  the  pseud '^function  method,  which  is  a 
scheme  for  solving  the  one-electron  Schrddinger  equation 
self-consistently  in  a  local-density  approximation.  Ex¬ 
change  and  correlation  are  simulated  by  the  Hedin- 
Lundquist  potential.’®  Unlike  many  imriementaiions  of 
local-density  theory,  the  pseudofunction  method  uses  a 
real-space  scheme  for  describing  local  bc.nding  and  is 
especially  well  suited  for  studying  non-free-electron  sys¬ 
tems.  For  low-aiomic-number  atoms  such  as  N,  it  should 
be  more  rapidly  convergent  than  schemes  that  rely  on  the 
plane-wave  character  of  the  solid-state  wave  functions  be¬ 
cause  this  character  generally  results  from  the  ortho¬ 
gonality  of  the  wave  functions  to  many  core  wave 
functions — and  the  low-atomic-number  atoms  have  too 
few  core  states  to  effectively  produce  the  free-electron 
character  necessary  for  rapid  convergence  in  k  space.” 

The  pseudofunction  method  1ms  :lemenls  in  common 
with  the  linearized  muffiiMih  orbital  (LMTO)  method” 
and  the  extended  muffin-tin  orbital  (EMTO‘  scheme,*'' 
and  can  be  regarded  as  a  local-deuMiy-approximation 
scheme  involving  a  more  general  basis  set  than  either  the 
LMTO  or  EMTO  ba^es.  As  such,  it  is.  at  least  in  princi¬ 
ple,  an  improvement  over  those  implementations  of 
local-density  theory.  In  princi,  .c,  the  LMTO  method  is 
an  improvement  of  the  L.MTO  method,  because  it  in¬ 
volves  a  more  extensive  b.^is  set.  Similarly  the  impro\e- 
ment  of  the  pseudofunction  scheme  over  the  EMTO 
method  lies  in  tiie  fact  that  its  basis  orbitals  have  not 
been  subjected  to  muffin-tin  boundary  conditions  (the  ra¬ 
dial  logarithmic  derivatives  of  localized  muffin-tin  orbit¬ 
als  are,  by  construction,  always  negaii\e  at  tl*e  muffin-tin 
radius). 

The  pseudofunctio!.  method  produces  (as  expected) 
rather  good  electron  energy  bands  and  bond  lengths  — 
results  comparable  with  those  of  the  be.st  local-densiiy 
methods.  For  example,  the  pseudofunction  valence 
bands  of  bulk  Si  agr;.e  with  those  computed  using  the 
linearized  augmented-plane-wavc  tLAPW)  scheme”  to 
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within  typically  a  few  tenths  of  an  eV.  The  computed 
Si— Si  bond  length  is  2.34  A  at  low  temperature,  in  excel¬ 
lent  agreement  with  the  data.  The  bulk  electronic  .struc¬ 
ture  of  AIN  (a  material  similar  to  I"N)  predicted  by  the 
pseudofunction  method  agrees  with  photoemi.ssion 
data.''"'  The  Sid  1 1)2  X  1  surface  states  of  pseudofunction 
theory'*’  also  agree  with  those  obtained  using  a  norm- 
conserving  pseudopotential.'’  Pseudofunction  calcula¬ 
tions  for  a  potassium  overla^'er  on  the  Si(00l)2x  1  surface 
found  a  bond  length  of  3.3  A,  compared  with  tlie  exper¬ 
imental  value  of  3.14i0. 1  A  (Ref.  19)  and  the  value  2.59 
A  obtained  using  a  norm-conserving  pseudopotential 
scheme.’"  Moreover,  the  pseudofunction  method  has 
been  shown  to  work  well  even  for  problems  involving  ad¬ 
sorbates  oP atoms  such  as  C  and  0,’'  which  occupy  the 
same  row  of  the  Periodic  Table  as  N.  The  method  is  also 
computationally  fast  compared  with  most  others,  and  has 
been  used  to-vO..;pute  some  very  complicated  elsctronic 
structures  tusing  local-density  theory):  for  example,  the 
electronic  structure  of  solids  such  as  pyrochlore,  with  22 
atoms  per  unit  cell.’’  'Details  of  the  method  are  available 
in  the  literature.^ 

Ill,  RESULTS 

Our  predicted  band  structure  is  given  in  Fig.  1,  and 
should  be  compared  with  tight-binding  theory’  (Fig.  2). 
An  empirical  pseudopotential  band  structure  of  InN  has 
also  been  reported,''’  but  will  not  be  treated  here  because, 
as  discussed  previously, the  tight-binding  theory  is 
definitely  superior.  Our  calculations  assume  the  wurtzile 
crystal  structure.’'' 

The  major  qualitative  features  of  our  bands  are  similar 
to  those  of  tight-binding  theory;  there  are  only  a  few 
significant  quantitative  differences,  (i)  We  find  small 
splittings  at  the  zone  center  that  are  absent  from  tight- 
binding  theory  due  to  the  fact  that  we  used  the  observed 


FIG.  1.  Predicted  band  .structure  of  wurtzite  InN  using  the 
pseudofunction  method.  The  symmetry  points  of  the  Brilloutn 
zone  are  /I  =t2-/cK0.0, 1/2),  L  =t2"/a)l  l/V''3.0,«/2c.', 
/W=t2n'/o)tl/V''3,0,0),  r=(0,0,0),  //=i2n-/oKl/v  3,1/3, 
a/2c),  and  K  ={2ir/a){  1  /^S,  1  /3,0). 


FIG.  2.  Predicted  band  structure  of-wurt/itc  InN  using  the 
tight-binding  method,  after  Ref.  7. 


lattice  constants  c  and  a  which  have  c/o.  =  1.6114, 
whereas  the  empirical  tight-binding  theory  assumed  an 
ideal  c/a  ratio  of  14)'’'’=  1.6330.  (ii)  We  find  a  direct 
fundamental  band  gap  of  1.3  eV,  compared  with  the  2-eV 
result  of  tight-binding  theory’  and' experiment.’  This  is  a 
well-known  limitation  of  local-density  theory:  it  pro¬ 
duces  gaps  that  are  too  .small’'' — a  problem  that  can  be 
circumvented,  but  only  with  great  difficulty.’''  tiiii  Our 
upper  valence-band  width  is  considerably  wider  than  the 
tight-binding  width;  6.8  eV  versus  3.5  eV.  Here  there  i. 
no  unambiguous  theoretical  criterion  determinmg  which 
theory  is  better:  practitioners  of  both  local-density 
theory  and  empirical  tight-binding  theory  would  e;ich  ar¬ 
gue  that  their  preferred  type  of  theory  is  more  likely  to 
produce  realistic  electronic  structures.  In  the  case  of 
AIN,  the  local-density'"''”  and  tight-binding’^  theories 
gave  bandwidths  comparable  with  each  other  and  with 
data.”'’"  This  makes  the  di>crepancy  between  the 
theories  for  InN  particularly  i.iteresiing.  The  issue  of  the 
correct  valence-band  width  must  be  determined  experi¬ 
mentally.  Nevertheless,  we  suspect  that  the  tight-binding 
bands  are  narrower  than  the  local-density  bands  because 
the  off-diagonal  tight-binding  matri.x  .“lements  may  be  un¬ 
duly  small.  These  matrix  elements  are  extrapolated  from 
the  corresponding  matrix  elements  of  other  zinc-blende 
semiconductors,  assuming  that  they  scale  inversely  as  the 
square  of  the  bond  length.  Harrison's  rule.’'*'  However, 
Harrison’s  rule  is  best  applied  to  interpolate  rather  than 
extrapolate;  it  is  known  to  be  crude;  and  extrapolations 
based  on  it  may  not  be  trustworthy,  especially  for  InN, 
with  its  large-radius  cation  and  small  anicm.  tiv)  The 
valence-band  effective  masses  are  1.6  and  1.7  free- 
electron  masses  (in  the  directions  perpendicular  to  and 
parallel  to  the  c  axis,  respectively)  in  the  present  model, 
compared  wuh  2.7  and  2.7  for  tight-b‘.  iding  theory.  The 
corresponding  conduction-band  masse.s  are  0.34  and  0.37 
for  the  present  work  .md  0.59  and  0.59  for  light-binding 
theory.  The  tight-binding  m;:sses  are  he::\ier  by  about 
709(-,  reflecting  the  flatter  bands.  Ti.is  is  just  another 
manifestation  of  the  (likely*  flat-band  p-oblem  of  the 
tight-binding  theory.  Assuming  these  masses  and  a  static 
dielectric  constant  of  8.3.''  we  obtain  shallow  donor  and 
acceptor  binding  energies'’  of  0.067  and  0.316  eV  in  a  hy- 
drogenic  (Rydberg  effective-mass)  model  i'-.m'.us  0.118 
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and‘-'0:553  eV  in  tight-binding  theory— -.vhich  often  ob¬ 
tains  masses  100%  ii.  error).  The  obsenod  binding  ener¬ 
gies  of  neutral  substitutional  donors  and  acceptors  in  InN 
are  -0.05  eV  (Ref.  33)  and  —0.20  respectively — 
generally  consistent  with  either  thebry,  but  generally 
more  supportive  of  the  present  local-density  theory. 

IV.  SUMMARY 

A  major  difference  between  the  tight-binding  and  pseu¬ 
dofunction  band  structures  is  the  width  of  the  upper 
valence  bund,  which  is  large  in  local-density  theory  but 


small  in  tight-binding  theory.  Which,  if  either,  theory  is 
correct  can  be  determined  by  phoioemission  experiments. 
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ABSTRACT 

The  Physics  of  deep  levels  Is  reviewed,  with  emnhasl.s  on  the  nualltatlve 
physics  chat  has  been  elucidated  as  a  result  of  the  Ideas  of  Lannoo,  Lenglart, 
Hjalmacson,  Vogl,  Wolford,  Hsu,  Sankey,  Allen,  and  others* 


INTRODI'CTION 

In  this  paper  we  outline  Che  physics  of  deep  Impurity  levels  In 
semiconductors,  and  show  that  Che  simple  HJalnarson  ec  al*  model  of  deep 
levels  (1)  can  qiiancltatlvely  predict  the  wav^functlons  of  substitutional 
sp ’-bonded  deep  Impurities  and  explore  Che  chemical  trends  of  deep  levels ^  We 
show  chat  the  Hjalmarson  theory,  when  compared  with  data,  (1)  can  determine 
the  sice  (anion  or  cation)  and  symmetry  (s-Ukt  Aj  or  p-llke  of  a  defect, 
(11)  can  eliminate  typically  BOII  or  more  of  the  candidates  for  forming  that 
defect,  (111)  can  successfully  predict  how  the/ energy  of  the  deep  level  varies 
from  one  Inpurlcy  to  another  and  from  one  h^isc  to  another,  and  (Iv)  can 
predict  unexpected  phenomena  caused  by  the  do<:p  level*  We  point  out  that  It  Is 
very  difficult  to  guess  from  theory  and  measur'ed  energy  levels  alone  If  the 
defects  responsible  for  the  observed  levels  ^re  point  defects  or  complexes*  We 
enphasUe  that  all  of  the  best  contemporary^  theories  of  deep  levels  arc 
uncertain  by  a  few  tenths  of  an  eV,  and  therefore  It  Is  not  practical  to 
determine  which  impurity  Is  causing  a  given  level  by  aligning  the  theoretical 
and  experimental  levels;  In  our  opinion  this  theoretical  uncertainty  Is  not 
likely  CO  he  greatly  reduced  soon*  l^lnallv  we  show  chat  the  main  differences 
between  the  HJalmarson  theory  and  various  other  theories  (2,11  ate  (1)  how  the 
host  hand  gaps  are  determined  and  (11)  computational  costs:  The  HJalmarson 
theory  Is  based  on  the  Vogl  et  al*  empirical  Ught-blndlng  Hamiltonian  (41,. 
and  so  fits  the  hand  gaps  to  data,  while  seU-conslstent  pseudooocenclal  and 
ocher  theories  calculate  the  host  hand  gaps  £  priori,  and  then  perform  some 
adjustment*  As  a  result,  the  self-consistent  pseudopotenclal  theories  require 
orders  of  magnitude  more  computational  effort  to  obtain  comparably  accurate 
deep  levels;  hut  these  theories  can  predict  total  energies  better  chan  the 
HJalnuarson  theory*  Therefore,  to  understand  the  physics  of  deep  levels, 
especially  for  complex  defects,  the  simple  HJalmarson  theory  Is  preferable; 
while  the  selfvconslstent  pseudopotenclal  theories  are  hettec^  equipped  to 
handle  questions  related  to  the/ total  energies  of  defects,  such  as  diffusion* 

To  begin  the  discussion  of  deep  levels,  we  first  make  two  important  (and 
apparently  self-contradictory)  points:  (i)  Most  doep  levels  are  not  deep;  and 
(11)  Most  deep  impurity  wavefunctlons  do  not  depend  much  on  the  Inpurlcy* 


HOST  DEEP  LEVF.LS  ARE  NOT  DEEP 

Several  years  ago  the  definition  of  a  deep  level  was  based  on  Its  energy: 
a  level  In  the  fundamental  hand  gap  more  than  0,1  eV  distant  from  Che  nearest 
host  band  edge*  In  our  discussions,  we  follow  M^Jalmarson  (H  and  use  the  term 
"deep"  CO  describe  localisation:  a  level  that  Is  produced  by  the  central-cell 
potential  of  the  defect*  Therefore,  a  "deep  level"  can  lie  above  the 
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Fig.  {l)i  Illustrating  the  difference  between  shallow  and  deep 
Irapurltles.  Note  that  both  have  deep  levels,  but  that  these  levels  lie  outside 
the- gap  for  shallow- inpurltles* 
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cni^fuccloh  !«2sd  fee  '*de«p**  by  5he  oW  deftsStion-  Stated 

precl'celv.  pw<c  defetz  that  arc  *‘dc«»**  the  nc*?  locallxattoa 

derinicion  are  c»t  tn  the  ba;^  gap*  aa4  ^  have  **»egative  hlAiSing  energies'* 
and  are  cot  ’*decp"  by  rhe  energy  criterion. 

An  essential  point  Is  chat  every  heterovalenc  sobscltnt local  sp  -bonded 
defect  3MXSC  have  both  deep  levels  (due  to  the  central-cell  potential)  and 
shallotf ~  levels  (due  to  the  Jocg-ranged  Coulos*  potential  associate  «lth  the 
valence  difference  Zi  -Ze*/£r>.  Ilany  readers  '-#111  he  astounded  to,  learn  that 
coanon  shallot#  Inpurltles*  such  as  S  on  a  ?  site  in  Ca?  have  cnornons 
central-cell  defect  ^centlals*  =  -5  eV  deep,  and  yet  these  potentials  appear 
to  produce  effects  on  only  che  lO  acV  scale  of  typical  shallot#  donor  levels. 
(A  good  order  of  magnitude  estlsate  of  the  central-cell  potential  Is  given  bv 
the  difference  In  the  atonic  energies  of  a  and  ?  f^J.)  Clearly  these  large 

potentials  must  have  effects  on  the  eV  scale  —  ai^  they  do:  The  local  sp^ 
bonding  of  the  iopurltv  Is  perturbed  bv  the  defect,  prodffclng  different 
energies  for  the  four  tetrahedral  bonds,  naaely  four  deep  levels  ne^r  the 
fundamental  hand  gap.  Three  are  p-llke  (of  Tj  symaetry  and  degenerate  in  a 
tetrahedral  environnentl  and  one  is  s-like  (Aj  syauietry}.  These  deep  levels 
due  to  the  central-cell  potential  alvay«  exist  near  the  fundamental  hand  gap 
tn  addition  to  ahv  shallo*#  levels.  (See*  rig.  fU.O 

If  one  or  more  of  these  deep  levels  falls  uell  within  the  fundamental 
hand  gap,  then  the  iapurlty  is  terned  a  **dceo  iopurtty**  and  the  level  is 
**dceo'*  by  the  energy  definition  (Fig.  (!}).  tf  none  of  these  deep  levels  of  a 
heterovalenc  impurity  lies  within  the  gap,  the  impurity  Is  termed  a  ’’shallow 
Inpiirlcv**  hecaasc  only  Its  shallow  levels  are  In  the  gap.  However,  the  deep 
levels  still  exist,  although  thev  are  resonant  with  and  broadened  by  the  hose 
hands  (Fig.  (U)*  ^or  most  scmiccnductors,  which  have  small  (»!  eV)  hand  gnos 
on  the  eV  scale  over  which  the  spectral  strength  of  the  sp^  bond  l< 

distributed,  the  majority  of  defects  produce  more  resonant  deep  levels  than 
deep  levels  In  the  gap.  Thus  nost  deep  levels  (by  the  localization  definition) 
arc  not  deep  energetically. 

Evidence  supporting  this  picture  is  provided  by  the  work  of  ^Wolford  et 
al.  (51  and  Hsu  et  al.  {6|  on  ?J,  0,  and  S  Impurities  on  a  ?-sitc  In 
alloys  (Fig.  {2}).  In  the  N  impurity  produce  a  level  energetically 

shallower  chan  the  shallow  level  of  S.  As  a  function  of  decreasing  alloy 
compos Iclon  x,  however,  che  .V  level  becomes  deep  and  behaves  like  the  deep  0 
level,  hut  not  like  the  shallow  S  level.  In  fact,  the  N  level  becomes 
energetically  deep  for  x=0.5,  only  to  enter  the  conduction  hand  for  x50.2. 
This  behavior  led  Wolford  et  al.  to  conclude  chat  N’  Is  In  fact  a  deep  level  In 
a  localization  sense  for  all  x,  but  lies  outside  the  fundamental  hand  gap, 
above  the  conduction  hand  edge  in  Ha As. 

Further  confirmation  of  this  picture  has  been  siip»'lled  for  ?  In 
allov.s,  where  Hunker  et  al.  f7,Al  have  provided  cxnerlocntal  evidence  chat  the 
deep  level  associated  with  ?  descends  Into  che  fundamental  band  gap  near 
x^O.n.  (Sec  Fig.  (3}.) 


WAVEFUHCTIONS  IHOKPeMUEST  0-  IMPIIKITY 

A  rather  surprising  feature  of  nanv  deen  level  wavefunctlons  is  that  for 
Impurities  at  the  same  site  (anion  or  cation)  with  che  same  svmmetrv  in  the 
same  semiconductor,  most  defects  with  deep  levels  tn  che  gap  produce  virtually 
Che  same  deep  level  wavefunctlon.  This  is  demonstrated  In  Fig.  {-*1,  where  the 
A| -symmetric  wavefunctlons  of  S,  Se,  and  Te  deep  levels  In  SI,  as  determined 
by  magnetic  resonance  (9)  and  by  theory  ( I 0l  are  plotted  versus  the  associated 
deep  level  energy  F  In  the  gan.  The  data  alone  show  chat  '■he  centra  I -cel  I 
wavefunctlons  of  S,  Se,  and  Tc  are  virtually  the  sane;  and  the  chf?urv  shows 
that  the  central-cell  and  first-neighbor  wavefunctlons  are  In  agreement  with 
the  dacn  and  almost  Independent  of  either  the  deep  level  energy  or  the  defect. 
Thus  che  deep-level  wavefunctloas  arc  hosc-llke,  noc  Imp'irlty-llke  fl). 


Fig*  (3).  Energies  versus  alloy  composition  x  in  Si  He,  of  (a)  the 
conduction  band  edge,  (b)  the  shallow  ?  level,  (c)  the  deep  p"ievel  predicted 
in  Ref.  fR),  and  (d)  the  deep-  P  level-  as  decer*Dlned  bv  x^rav  absorption 
measurements  of  (7),  after  [7J*  Note  that  the  deen  level  descends  into  che<gan 
for  x«n,l5* 


{A},  A|-sy-amotrlc  wavefynctlons  at  the  central  site  ^  and  at  tlie 
first-neighbor  shell  for  substitutional  defects  -In  Si,  compared  with  data, 
after  |10|. 


75 


O  © 


Antibonding 

0  0  0  ^  0,Go 


0 

O  O 


!  N 


Bonding 
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Pig.  (ft|.  Schematic  energy  level  diagram  for  OaP  and  for  a  N  defect  In 
naP,  after  (231. 


The  host  Hike  character  of  rfeepHevel  wave  functions^  coulJ  have  been 
deduced  fron  che>  experimental  fact  that  ImpuHtles  with  acbmlc>  energies 
different  by  eV  all  produce  deep  levels  In  xhe  gap  that  dUfer  bv  an  order  of 
magnitude  less,  =0il  eV«  Clearly  the  deep  levels  in  the'  gap  are  not 
IraourltyHlke* 

A  schematic  Illustration' of  the  physics  of  deco  levels,  for  the  case  of  N 
on  a  P  sUe  In  CaP,  Is  given  in  Figs*  {5}  and  (6}.  'J- Is  more  electronef^atlve 
than  R  and  so  attracts  more  electronic  charge  to  Its  bondlnt?  level  (Fig.  {51), 
causing  the  antlhondlng  level,  bv  orthogonality,  to  have  verv  little  charge  on 
Che'  N-slte  and  a  hosc-llke  Ga-Uke  wavef unction.  In  terms  of  energy  levels 
(Fig.  {b}),  Che  host  Ga  and  P  atomic  levels  exhibit  a  bondlag-anclbondlng 
solfctlng  of  order  v  Is  a  Ga-P  transfer  matrix  element.  N 
coupled  Co  surrounding  Ga‘ exhibits  a  smaller  hondlng-anclhbndlng  splitting, 
v/(eQ,-ej}) ,  because  the  energy  denominator  Is  a?  eV  larger  (v  Is  almost  the 
same  for’  Ga-N  and  Gar?  (Ill),  '^h®  v-llke  level  Is  Che  bonding  "hyperdeeo" 
level  chat  lies  below  the  valence  hand.  Is  electrically  Ihacclve,  and  Is  not 
observed.  The  deep  level  In  the  gap  Is  host-like  ‘((ia-llke)  and  antlbondlng  In 
character.  If  we  change  the  defect  from  ?  (V»0)  to  S  (V»  -5  eV)'  to  N’ 
(Va  -7  eV)  to  0  (V»  -1*5  eV)  to  a  vacancy  (V*  -•'1(21),  the  deep  level  does  not 
change  Its  energy  much  (although  the  hynerdeep  level  does).  As  a  result,  a 
plot  of  deep  level  energy  F  versus  crntral-cell  defect  strength  V  (or  versus 
Impurity  atomic  energy)  looks  like  a  parabola  with  the  asymptote  being  the  Ga 
dangling  bond  energy  or  pinning  energy  of  KJalmarson  (ll«  (Fee  Fig.  (7).) 

For  different  sites  (anion  or  cation)  and  symmetries  (Aj  or  To)  the 
asymptotes  lie  at  different  energies,  but  several  different  impurities  when  on 
Che  same  site  all  produce  deep  levels  of  a  given  symmetry  within  a  few  tenths 
of  an  eV  of  the  pinning  energy,  Since  the  theoretical  accuracy  Is  also  a  few 
tenths  of  an  eV,  theory  can  determine  the  site  ind  symmetry  jf  an  observed 
level,  and  can  eliminate  from  consideration  chose  impurities  chat  lie  more 
than  0.5  eV  from  the  observed  level,  hue  It  cannot  definitively  assign  a  level 
to  •!’  specific*  Irapurltv,  Such  an  approach  Identified  oxygen  and  the  anclslte 
defect  Asp^  as  candidates  for  the  defect  F.12  (12|.  Moreover,  because  of  the 
hbsc-llke  nature  of  doen  level  wave  functions,  most  electronic  probes  cannot  he 
of  much  assistance  In  defect  Identification  —  probes  that  couple  to  the 
nucleus,  such  as  FSnOR  (9|,  or  to  the  core  eUctrons,  sucl  as  SXAFS  (13),  are 
needed  for  unambiguous  Identification  of  defects. 


C0MPLF,XKS  OF  0h:KKCTS 

An  Interesting  and  very  useful  feature  of  the  theory  of  deep  levels  as 
applied  CO  defect  complexes  Is  that  the  lev'l  spectrum  of  a  complex  is  very 
nearly  the  sum  of  the  spectra  of  the  complex's  constituents.  This  rule  of 
thumb  obtained  by  Fankev  (|4)  Is  pot  rigorous  but  U  sufficiently  valid  that 
In  many  cases  (l)  it  is  virtually  impossible  to  determine  from  energy  levels 
alone  whether  Che  responsible  defects  are  isolated  or  complexed,  and  (U)  when 
Crying  to  Identify  defects  responsible  for  specific  deep  levels  l:  is  often  an 
adequate  approximation  to  consider  only  point  defects,  while  recalling  chat 
the  point  defects  so  (dencifted  might  be  complexed. 

To  see  why  complexlng  does  not  alter  deep  levels  much,  consider  two 
nearest-neighbor  sp^-bonded  Impurities  and  their  deep  levels.  The  resulting 
"diatomic  molecule"  (Fig.  (81)  will  have  (1)  the  o-Uke  (a^)  states  formed 
from  the  s-Uke  (A,)  states  of  Che  Individual  "atoms"  and  from  the  p-Uke  (T2) 
states  polarized  along  the  spine  of  the  molecule;  and  (tl)  the  n-llke 
(e-symmetrlc)  states  derived  from  the  levels  chat  are  polarized 
perpendicular  to  the  spine  of  the  molecule.  The’x-lle  states  do  not  "feel"  the 
spine  of  the  molecule  and  so  have  energies  virtually  Identical  to  chose  of  the 
conscltMt‘»nc  defects.  The  c-llke  states  (to  a  good  approximation)  occur  at 
energies  c*.ac  Interlace  Che  Aj  and  To  levels  of  the  const itutenc  defects. 
Because  these  levels  are  often  within  several  tenths  of  an  eV  of  one  another. 
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Defect  Potential  {  eV  ) 

Fig,  (71 ♦  Devo  enerj?y  levels  predicted  In  (1]  versus  defect  potential  for 
the  Inpurtles  at  the  too  of  the  figure  for  Aj-symiretclc  deep  levels  of 
substitutional  defects  on^ the  P-slte  of  GsP«  Note  that  the  curve  approaches  an 
asymptote* 
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SURFACE 

Fig.  n  lust  rating  how’  a  surface  defect  level  determines  the  Ferral 

level  and  leads  to  band-hending  and  SchottVv  barrier  formation  at  a 
semiconductor/metal  contact,  as  discussed  by  Bardeen  [171, 


of  Che 
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the  resultlnp  o-likc  level  structure  wUJ  he  similar  to  that 
compel  Client  defects  to  within  a  few  cenchfs  of  eV* 


SCHOTTXY  BARKERS 

These  Ideas  about  conplexlnic  are  especially  useful  for  discussing 
Schottky  barrier  formation  'due  to  native  defects  In  serolconduccqrs,  because 
they  greatly  reduce  the  number  of  native  defects  that  must  be  considered*  A 
defect  at  a  semiconductor  surface  will  have  four  deep  levels*  Near  the 
fundamental  banf,  gap  the  n-llke  T2  levels  will  not  he  degenerate,  but  will  he 
split  by  Che  reduced  symmetry  of  the  surface*  Tlie  >.urface“lnduccd  shift  of  the 
hulk  Aj  level  and  splitting  of  Che  T2  level  will  be  of  order  0. S  eV,  and  can 
cause  a>  resonant  level  to  descend  Into  the  gap*  Thus  an  Impurity  chat  U 
shallow  in  Che  bulk  may  he  deep  at  Che  surface,  with  levels  In  the  gap* 

In  general,  surface  defect  deep  level  spectra  may  be  several  tenths  of  an 
eV  different  from  bulk  deep  levels  of  the  same  Impurity*  Tliey  will  be  similar 
CO  Che  spectra  of  hulk  defect.«*yacancv  pairs, \  however  (because  the  surface  Is 
effectively  a  sheet  of  ^vacancies”:  an  Impurity  at  a  surface  Is  surrounded  by 
three  host  atoms  and  one  ’’vacanev,”  wUh  the  other  "vacancies*'  more  distant)* 
In  anv  case,  Allen  |l,Sl  has  extended  the  Ideas  of  H.lalnarson,  Vo?l,  and^Sankey 
to  treat  deep  levels  of  surface  defects,  following  pioneering  work  by  Daw, 
Bml'ch,  Swarcs,  and  McniU  (16). 

Bardeen  1 17)  and  Spicer  j)Bl  recognized  (1)  that  the  lowest  empty  deep 
level  of  a  neutral  surface  defect  Is  effectively  the  Fermi  energy  for 
electrons  at  the  surface,  and  (11)  that,  In  electronic  equilibrium,  the  Fermi 
energies  of  the  hulk  semiconductor,  hulk  metal,  and  semiconductor  surface  must 
all  align  for  a  semlconductor/metal  contact*  As  a  result  the  hands  bend, 
forming  a  Schottky  barrier.  In  order  to  accommodate  this  alignment*  The 
Schottsv  K^rrler  height  Is  the  energv  of  the  conduction  band  edge  with  respect 
to  the  lowest  empty  surface  deep  level  (Fl^*  (9))* 

In  Fig*  (10)  we  show  the  resulting  predictions  of  Schottky  harrier  height 
versus  allov  composition  for  in*V  semiconductor  allovs,  assuming  chat  the 
surface  defect  responsl*le  for  Schottky  barrier  formation  Is  the  cation  on 
anlon-slte  native  antlslte  defect  (19)*  The  agreement  with  the  data  Is  better 
than  the  accuracy  of  the  theory* 

This  theory  not  only  explains  Schottky  barrier  formation *ln  lll-v  alloys, 
It  also  explains  the  apparent  dependence  of  harrier  heigh:  on  metal  reactivity 
(20,31),  vhe  Schottky  barriers  formed  when  transition  metals  are  deposited  on 
Si  (22),  Ge,  and  diamond,  and  numerous  once-ruezUng  features  of  the  Schottky 
barrier  cata  (20). 


THE  THEORY 

The  theory  of  deep  levels  (1)  Is  a  one-electron  theory,  for  a  host 
Hamiltonian  operator  Hq  with  a  defect  perturbation  operator  V,  Tne  secular 
eouatlon  Is 


det  (I  -  (H-H^)*'  V)  -  0 


(1) 


or 


det  (1  -  /dF/  (E-r.')~^  6(E'-.,.,)V)  -  0 


(2) 


All  current  theories  solve  such  an  equation  for  the  deep  level  E.  Different 
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a,  {<r-Like)  OgO  OSO 

Fl«*  XlJustratlng  the  n-Uke  end  o-llkc  orbitaU  of  a  complex  of 
neighboring  defects* 


AlAs  GaAs  GaP  InP  InAs  GaAs 


ng, 

for  ITl-V 
123)* 


{!05.  Predicted  Schottky  barrier  heights  versus  alloy  composition 
alloys*  compared  with  data  Involving  Au  contacts,  after  l!9)  and 


so 


theories  crest  the  spectral  densltv^ operator  and  the  defect  potential 

oneratbr  V  dlfferentlv*  The  slj»n  sof  the  contribution  of  the  spectral  density 
to  Che  integral  in  Eq;  (2)  is  different  If  E'  is  in  the  conduction  band  or 
valence  hand:  the  conduction  band  states  push  the  deep  level  down  and  the 
valence  hand  states  repel  It  upward  —  the  balance  between  these  opposing 
forces  detormines  H*  For  a  theory  of  deep  levels  to  he  successful  this  balance 
must  he  correct*  All  theories  represent  valence  band  states  well;,  thus  the 
issue  'Is  the  position  of  the  host  hand  gap  and  spectral  distribution  of  the 
host  conduction  band  states,  Hjalmarson  solved  this  problem  hy  using  the 
empirical  tlghc-hlndlng  model  of  Vogl  et  al.  (41. for  H^*  This  model,  hy 
construction,  has  the  correct  band  gap  and  a  spectral  distribution  that  gives 
good  deep  levels*  Local -dens Icy  theories  calculate  the  band  gap,  invariably 
find  it  to  he  in  error  hy  typically  SOX,  and  then  adjust  either  the  gap  or  Che 
pseudopotenclal  In  an  ad  hoc  manner*  The  resulting  theories  have  comparable 
validity  to  the  Mjalmarson  theorv  for  deep  level  spectra,  but  if  the 
pseudopotenclal  theory  is  based  on  a  local  density  approKitnatlon,  It  should 
have  superior  predictions  for  total  energies*  Thus,  when  we  compute  deep  level 
spectra,  especlaUy  for  complex  defects,  we  use  N^he  Hjalmarson  theory;  but  for 
diffusion  and  total  energy  calculations  we  recommend  a  local  density  approach* 
The  Hjalmarson  theory  is  easy  to  evaluate,  and  pedagogical  discussions  of 
how  to  do  so  are  avallahle  (23), 


We  are  grateful  to  the  Office  of  Naval  Research  for  their  continuing 
support  (Contract  No*  N00n|4-94-K-0352)  and  to  our  manv  colleagues  who  have 
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We  review  a  theory  of  Schottky  barriers  that  explains  the  following  experimental  findings: 
(i)  observed  barrier  heights  and  Fcrmi-lcvcl  pinning  positions  for  GaAs.  InP*  GaSb.  AIAs,  GaP, 
InAs.  and  other  III-V  semiconductors;  (ii)  switching  of  the  obsei^'cd  barrier  heights  and  Fermi* 
level  pinning  positions  for  III-*V  semiconductors  as  a  function  of  surface  treatment  or  reactivity 
of  the  metal;  (iii)  alloy  dependence  of  Schottky  barrier  heights  for  the  ternaries  Alj.^Ga^As, 
GaAsj.^P,,  Gai-Jn^P^  lnP|.,As,»  and  lni-jjGa,As;  (iv)  different  slopes  d£/d\-  for  different 
metal  contacts  to  AlOaAs.  and  an  apparent  cusp  in  the  slope  for  Al  contacts  as  a  function  of 
alloy  composition;  (v)  observed  Schottky  barriers  for  a  wide  variety  of  Si/transition*meial*silicide 
interfaces;  (vi)  observed  barriers  for  Ge»  diamond,  and  amorphous' Si;, (vii)  observ’ation  that 
Fermi-level  pinning  for  p*GaAs  disappears  at  the  annealing  temperature  of  the  antisitc  defect 
Asoj*  The  theory  provides  a  microscopic  realization  of  the  phenomenological  defect  model  of 
Spicer,  Lindau  and  coworkers.  We  find  that  most  Schottky  barriers  arc  explained  by  dangling 
bonds  -  intrinsic  danglins  bonds  for  group  IV  semiconductors  and  antisite  (as  well  as  intrinsic) 
dangling  bonds  for  III-V  semiconductors.  Ohmic  contacts  are  explained  in  the  present  picture 
by  shallow  levels,  which  are  also  predicted  by  the  theory. 


Ohm's  law  usually  fails  to  hold  at  a  semiconductor/metal  interface.  In¬ 
stead,  the  current  density  J  is  observed  to  depend  exponentially  on  the  ap¬ 
plied  voltage  V.  Observations  of  this  phenomenon  extend  back  more  than  a 
century,  but  the  underlying  microscopic  causes  are  still  controversial.  Pro¬ 
posed  theoretical  interpretations  include  the  following: 

0)  Schottky's  original  model,  in  which' equilibration  of  chemical  potentials 
of  semiconductor  and  metal  requires  charge  transfer,  resulting  in  an  electro- 
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Static  dipole  layer  at  the  interface  and  a  barrier  to  the  motion  of  electrons. 

(2)  Bardeen's  Fermi-level  pinning  model  [1]  in  which  "surface  slates"  of 
some  kind  result  in  a  barrier  that  is  nearly  independent  of  the  metal  for  a  given 
semiconductor.  Fermi-level  pinning  can  be  produced  by  intrinsic  sur¬ 
face  states,  metal-induced  gap  states- [2],  and  extrinsic  state.*;  associated  with 
various  kinds  of  defects.  (One  expects,  of  course,  that  the  ‘'urrier  height  will 
vary  with  the  metal  in  the  case  of  metal-induced  gap  states  or  metal-atom  impur¬ 
ity  states.) 

(3)  The  defect  model  of  .Spicer,  Lindau  and  coworkers  [3-.>].  in  which  the 
Fermi-level  pinning -is  produced  by  native  defects  of  some  kind,  associated 
with  missing  anion  or  cation  atoms  in  III-V  semiconductors. 

Here  we  review  a  theory  of  Schottky  barriers  and  Ohmic  contacts  that  is 
based  on  Fernii-level  pinning  and  the  defect  model,  in  which  obser\’ed  barrier 
heights  and  Fermi-level  pinning  positions  are  assigned  to  particular  defects 
[6—15].  .1; 

The  electron  Schottky  barrier  height  is  the  difference  between  the  conduc¬ 
tion  band  edge  and  the  Fermi  energy  at  the  semiconductor  surface: 

0S  =  -  El 

Within  the  context  of  the  defect  model,  therefore,  a  microscopic  theory  of 
Schottky  barriers  is  a  theory  of  the  relevant  defect  levels  that  "pin"  the  Fermi 
energy  at  the  surface.  For  a  sufficiently  high  concentration  of  defects,  the  sur¬ 
face  Fermi  energy  will  lie  near  the  lowest  acceptor  level  for  an  n-type  semi¬ 
conductor,  or  the  highest  donor  level  for  a  p-type  semiconductor.  (Further 
discussion  is  given  in.  e.g..  refs.  [6-14].) 

In  fig.  1 ,  we  show  our  calculated  results  for  the  defect  levels  associated  with 
antisite  defects  and  vacancies  at  the  (110)  surfaces  of  nine  III-V  semiconduc¬ 
tors.  Many  of  these  levels  have  been  previously  reported  [6-14].  They  were 
calculated  using  the  same  scheme  applied  to  bulk  defects  by  Vogl.  Hjalmar- 
son  and  Dow  [16.17],  employing  the  measured  surface  rela.xaiion  [18.19].  In 
the  following,  we  will  compare  the  theoretical  results  of  fig.  1  with  the  avail¬ 
able  observations  for  Schottky  barriers.  Fermi-level  pinning,  and  Ohmic  con¬ 
tacts  on  III-V  semiconductors. 

It  should  be  emphasized  that  a.variety  of  arguments  is  used  in  making  our 
microscopic  assignments  of  the  defects  responsible.  For  example,  in  the  case 
of  III-V  semiconductors,  we  regard  antisite  defects  as  ordinarily  more  likely 
than  vacancies  for  reasons  that  h::ve  been  given  elsewhere  [6].  Also,  as  men¬ 
tioned  below,  the  variation  in  barrier  height  with  alloy  composition  x  can  act 
as  a  signature  of  the  detect  type.  Various  experiments  provide  other  valuable 
information  concerning  the  identity  of  the  defects;  one  example  is  the  ob.'icr- 
vation  of  an  annealing  temperature  for  the  Fermi-level  pinning  on  p-Ga.As 
[21].  mentioned  below.  In  short’,  our  assignments  are  based  on  qualitative  ar¬ 
guments.  chemical  trends,  and  experimental  information  (*!  various  kinds,  in 
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Fig.  1.  Deep  levels  calculated  for  aniisiic  defects  and  vacancies  at  (llO)  surfaces  of  Ill-V 
semiconductors.  As  indicated  for  GaAs,  the  levels  are.  left  to  right,  for  anion-on-caiion-site. 
cation*on«anior*site.  cation  vacancy,  and  anion  vacancy.  The  occupancy  of  the  levels  for  the  neu- 
tral  charge  state  is  shown:  a  full  circle  indicates  the  level  contains,  (wo  electrons  (spin  up  and 
down),  a  half*full  circle  one  electron,  and  an  open  circle  no  electrons.  (Chap|e-state  spa'.iings 
are  neglected.)  For  the  In-V  materials  at  the  top,  several  resonances  above  the  conduction  band 
edge  are  also  shown.  £v  ants  are  the  valence  and  conduction  band  edges.  Some  of  these 
levels  have  been  previously  reported  ((>-14]. 
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addition  to  detailed  calculaiions  of  the  defect  levels. 

Fig.  2  shows  the  e.xperimehtal  levels  for  Ge  oh  GaAs(llO)  obtained  by 
Mbnch  and  Gant  [20-22].  which  are  approximately  the  same  as  those  ob¬ 
tained  by  Spicer.  Lindau  and  coworkers  for  various  metals  and  oxygen  on  the 
same  surface  [3-5].  It  appears  that  the  acceptor  level  for  the  "cleavage-re¬ 
lated”  defect,  and  the  acceptor  and  donor  levels  for  the  "chemisorption-re¬ 
lated”  defect,  are  quite  satisfactorily  explained  by  the  corresponding  levels  for 
the  antisite  defects,  Ga^^  and  Aso^.  The  theoretical  acceptor  levels  for  both 
defects  are  associated  with  dangling  bond  orbitals  -  amisite  Cq  and  As-dmgl- 
ing  bonds.  The  donor  level  is  derived  from  a  bulk  Asq,  donor  level,  only 
shifted  in  energy  somewhat  at  the  surface. 

Fig.  3  provides  a  similar  comparison  for  n-type  InP  [26].  In  this  case,  we 
again  invoke  antisite  In  or  P  dangling  bonds  to  explain  the  experimental  data 
‘fpr  the  noble  metals,  but  intrinsic  Ga  dangling  bonds  (associated  with  a  P  va¬ 
cancy)  to  explain  the  data  for  the  more  reactive  metals.  Various  surface  treat¬ 
ments  are  also  interpreted  as  producing  intrinsic  Ga  dangling  bonds,  or  pos¬ 
sibly  surface  impurities.  The  sh'tllo>v  donor  level  for  Vp  is  explained  by  the 
"deep  resonance"  for  this  defect  in  fig.  1:  Two  electrons  that  would  lie  in  this 
conduction  band  resonance  spill  out  into  the  conduction  band.  These  elec¬ 
trons  are  then  bound  to  the  doubly-charged  defect  site  in  shallow  donor 
states.  =»0.1  eV  below  the  conduction  band  edge.  According  to  ref.  [23]  how¬ 
ever,  reactive  metals  can  also  produce  the  deeper  Fermi  energy  *0.5  eV 
below  the  conduction  band  edge. 

In  fig.  4,  we  compare  the  experimental  Schottky  barrier  heights  for  Au 
contacts  to  various  semiconducting  alloys  with  the  theoretical  barrier  heights 
predicted  for  antisite  cation  dangling  bonds.  (Recall  that  <Pb  -  Be  -  B^, 
where  £f  *  defect  level.)  The  agreement  is  more  than  satisfactory. 

In  fig.  5,  we  compare  experimental  barrier  heights  for  Al  and  In  contacts  to 
.Ali.^Ga^As  with  the  theoretical  heights  predicted  for  antisite  cation  and 
anion  dangling  bonds.  (The  surface  Fermi  energy  Bf.  inferred  from 
-  Ef,  is  plotted.)  There  appears  to  be  a  switching  of  defects  as  the  alloy  com¬ 
position  X  is  varied,  with  antisite  cation  dangling  bonds  providing  a  good  de¬ 
scription  of  the  data  for  small  a:  (large  slope  in  dEldx)  and  antisite  anion 
dangling  bonds  doing  equally  well  for  large  x  (small  dEldx).  The  slope  d£/d.v 
thus  appears  to  iut  as  a  signature  of  the  defect  type. 

Other  experimental  observations  also  support  the  defect  model’ and  the 
present  theory  [3-5.20-33].  For  example,  fig.  6  shows  further  experimental 
evidence  that  the  Schottky  barriers  for  GaAs  are  associated  with  antisite 
defects:  Mbnch  and  coworkers  [21]  find  that  the  Fermi-level  pinning  position 
for  Ge  on  GaAs(llO)  anneals  out  at  the  annealing  temperature  of  bulk  Asoj. 
As  mentioned  above,  the  pinning  position  for  Ge  on  GaAs(l  10)  is  essentially 
the  same  as  that  for  various' metals  ot>  this  surface. 

Other  proposed  mechanisms,  such  as  metal-induced  gap  states  [2.34-42] 
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Fig.  2.  Theoretical  levels  for  surface  antisite  defects.  .As  on  Ga  site  (.Asc^)  and  Ga  on  .As  she 
(Ga^t).  compared  with  cxpcrimc.ital  lc\’cls  for  ■’dicmisorption-rciaicd'’  defects  and  ’■deavxgc-re- 
lated”  defects  [5.  20).  Open  drclcs  indicate  ihcor*3icaI  acceptor  levels  or  experimental  Fcrmi- 
levcl  pinning  positions  on  n-iype  GaAs:  solid  circles  indicate  theoretical  donor  levels  or  experi¬ 
mental  Fermi-Ievel  pinning  positions  on  p*i>pe  GaAs.  After  refs.  (6.  9J. 


r*attiv*  non-r*a(t!v« 


Heot  of  reaction—^ 

(•V/m«tal  atom) 


(a)  experiment  (b)  theory 

Pinning  levels  for  n*inP 

3.  Theoretical  levels  for  surface  annsite  defects.  !n  on  P  site  ami  P  on  In  site  (coineulentally 
close  in  energy),  compared  whh  experimental  I -hvcl  pinning  positions  £p  for  the  noble  metals 

Cu,  Ag,  and  Ad  on  n-iype  InP  (26|.  As  can  be  i.  •  in  fig.  1.  a  surface  P  vacancy  (V,.)  produces 
u  shallow  donor  level  ih;"  ran  explain  the  quite  c...  ^:nt  experimental  Fermi-level  pinning  po>i- 
tion  for  the  reactive  metals  Ni.  Fe,  and  AI  (26].  Surface  'reaimenis  vvith  O.  Cl.  S.  and  Sn  also 
are  observed  to  prcduce  Fermi-Ievel  pinning  just  beneath  the  conduction  band  edge  |26);  buch 
treatments  may  produce  surface  vacancies  (V,.)  or  surface  impurities  (Su.  SniJ.  interms  of  Jangl¬ 
ing  bonds.  \vc  aiiribuic  for  rne  noble  metals  to  antisite  dangling  bonds  and  £[;  for  the  more 
reactive  metals  to  intrinsic  dangbng.bonds.  After  refs.  |8.  9|. 
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Fie.  4.  Theoretical  Schoitky  harrier  height  for  cation*on-anion  antisitc  defects  (c.g.  Ga;^,)  com¬ 
pared  with  experimental  Schottky  barrier  height  for  Au  contacts  to  the  alloys  AJ|-,Ga^As, 
GaASi-jP,.  Ga;«,In,P.  InPi.^As,.  and  In,-,Ga,As.  The  sources  of  the  experimental  data  (dots, 
fitted  in  ref.  [21]  by  the  dashed  line),  are  died  in  ref.  [10].  The  agreement  between  theory  and 
experiment,  particularly  on  the  right,  is  fortuitously  good  since  the  theory  contains  errors  of  sev¬ 
eral  tenths  of  an  eV.  It  is  clear,  however,  that  the  theory  docs  a  quite  saiisfaaory  job  of  describ¬ 
ing  the  behavior  of  the  measured  Schottkv  barrier  as  a  function  of  allov  composition.  After  ref. 
[lOj. 


UJ 


A'As  AI,.^Go^A* 

Fig.  5.  Theoretical  deep  levels  for  caiion-on-anion-site  (C^)  and  anion-on-caiion-sitc  (Ac)  com¬ 
pared  with  experimental  Fermi-level  pinning  position  (£p)  inferred  from  Schottky  barrier  mea¬ 
surements  of  Okamoto  et  al.  [53|.  Here  Ep  is  defined  by  (pi  =  Ec^  Ep.  where  is  the  measured 
Schottky  barrier  height  and  is  the  conduction  hand  edge.  There  appears  to  be  a  switching  of 
defects  as  a  function  of  alloy  composition,  with  anion-on-catton-site  explaining  the  data  for  In 
and  Al  contacts  to  Ga-rich  alloys  and  cation-on-anion-siie  explaining  the  data  for  Al-rich  allovfL 
Notice  that  the  slope  ot  the  defect  level  as  a  function  of  the  alloy  composition  x  is  a  signature 
of  the  delect  type.  Tnb  is  an  example  of  the  fact  that  the  present  theory  (6-14]  provides  a  micro- 
>copic  explanation  of  the  observed  chemical  trends  of  the  Schottky  barrier  height.  After  ref.  [14], 
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Fig.  6.  .Annealing  out  of  Fcrmi-leveLpinning  for  Ge  on  p-type  GaAs  at  the  anricalinc  tempera¬ 
ture  of  the  Asoa  antisitc  defect.  After  ref.  (21).  In  jhe  present  theory,  Asg,  is  annealed  out.  but 
the  acceptor  level  for  Ga^,  remains.  The  acceptor  and  donor  levels  previously  found  by  Spicer  et 
al.  (3-5)  arc  indicated  by  the  open  and  solid  circles  on  the  left. 


Fig.  7.  Surface  energy  Ep  at  a  semiconductor/metal  interface  as  a  function  of  IV  —  y,  where  U' 
is  the  meiars  work  function  and  x  is  the  semiconductor's  electron  affinity.  Notice  that  one  defect 
of  eveiy  50  or  even  evciy  100  semiconductor  surface  atoms  produces  good  Fermi-level  pinning 
for  a  substantial  range  of  metals.  This  figure  is  for  n-type  Si,  with  10*’  bulk  donors/cm''  and  room 
temperature.  One  surface  acceptor  and  one  surface  d.  ;•  )r  level  were  assumed,  as  well  as  an 
intcrtacial  transition  region  separating  the  metal  and  >emiconductor  of  width  d  =  5  A  and 
dielectric  constant  a  -  1.  The  present  results  ate  appropriate  to  surface  defects,  whereas  those 
of  ref.  [44]  are  appropriate  to  bulk  defects. 
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have  great  difficulty  explaining  results  like  those  of  fig.  6.  Metal-induced  gap 
states  cannot  explain  Fermi-level  pinning  at  submonolayer  coverages  [3-5, 
20-23. 26, 31],  or  real  world  Schottky  barriers  with  an  oxide  layer  between  the 
semiconductor  and  the  metal.  A  more  extensive  case  against  metal-induced 
gap  states  as  the  mechanism  for  observed  Schottky  barriers  is  presented  in  ref. 
I12b]. 

We  mention  that  the  present  theory  assumed  a  concentration  of  relevant 
defects  cof  the  order  of  one  defect  per  100  surface  atoms,  in  order  for  the 
Schottky  barrier  to  be  approximately  the  same  for  different  metals;  (A  small¬ 
er  defect  concentration  is  required  to  explain  Fermi-level  pinning  for  sub¬ 
monolayer  coverages  [21].)  In  fig.  7,  we  illustrate  that  a  1/100  concentration 
can  be  quite  sufficient  for  surface  defects.  (The  calculations  of  fig.  7  are  for  £; 
=  1  and  d  =  5  A,  where  S;  is  the  effective  dielectric  constant  and  d  the  effec¬ 
tive  width  of  the -dipole  layer  at  the  interface;  the  true  values  of  these  quan- 
titie*  are  unknown,  of  course,  but  we  believe'.these  are  not  unreasonable  es- 
tinlaics.)  Similar  results  were  obtained  by  Spicer  et  al.  [43]  and  Bardeen  [1]. 
On  the  other  hand.  Zur  et  al.  [44]  find  that  an  order  of  magnitude  higher  con¬ 
centration  is  required  for.  bulk  defects.  The  present  theory  is,  of  course,  based 
oh  dangling  bonds  at  the  surface. 

The  results  of  figs.  1-6  arc  for  III-V  semiconductors.  In  the  case  of  group 
IV  semiconductors  [45-52]  -  Si,  Ge,  diamond,  and  amorphous  Si  -  we  inter- 


Fig,  8  .Theoretical  Intrinsic  dangling  bond  levels  for  Ge.  Si.  and  C  (diamond)  compared  with  ex¬ 
perimental  surface  Fermi-k-.ol  pi'^uions  inferred  from  Schottky  barrier  heights  for  Au  contacts 
on  these  materials.  Energies  are  measured  relative  to  the  v.’uence  band  ma.ximum  £v;  the  conduc¬ 
tion  band  minimum  at  the  Lord  point  In  the  Brillouin  zone  is  shown  at  the  top.  After  ref.  ( 12b|. 
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prei  the  observed  Schbttky  barriers  in  terms  of  intrinsic  dangling  bonds.  Rep¬ 
resentative  results  are  shown  in  fig.  8,, for  Au  contacts.  We  find  the  same  level 
of  agreement  with  the  observed  Schottky  barrier  heights  for  numerous  Si/ 
transition-metal-silicide  interfaces  [11],  for  W  and  Ni  germanides  interfaced 
with  Ge  and  for  Al  and  Ba  on  diamond  [12a],  and  for  various  transition  met¬ 
als  on  amorphous  Si  [13]. 

In  summary,  the  present  theory  explains  a  wide.variety  of  experimental  ob¬ 
servations  for  Schottky  barriers,  Fermi-level  pinning,  and  Oltmic  contacts. 
For  III-V  semiconductors,  the  primary  pinning  agents  appear  to  be  antisite 
dangling  bonds.  For  group  IV  semiconductors,  the  data  are  well  explained  by 
intrinsic  dangling  bonds.  In  some  cases,  other  mechanisms  appear  to  be  in¬ 
volved.  For  example,  the  original  Schottky  mechanism  appears  to  apply  for 
noble^etals  on  GaSe  [26],  where  the  concentration  of  defects  is  presumably 
low.  Also,  the  prominent  acceptor  level  for  GaSb  [3-5]  may  be  due  to  the 
complex  (Gasb,  Vca)  [3,  7].  Finally,  as  described  above,  we  attribute  Fermi- 
level  pinning  on  p-GaAs  to  a  donor  level  that  is  bulk  derived  and  only  some¬ 
what  shifted  in  energy  at  the  surface.  However,  the  present  theory  mainly  at¬ 
tributes  Schottky  barriers,  Fermi-level  pinning,  and  nearly  Ohmic  contacts  to 
interfacial  dangling  bonds  of  one  kind  <  r  another. 

We  thank  the  US  Office  of  Naval. Research  for  their  support,  which  made 
this  work  possible  (N00014-S2-K-0447). 
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The  role  of  supercompucers  in  cheorecical  solid  scace 
physics  has  been  revolucionized  by  the  developraenc  of  high-speed 
compucers  and  software  chac  facilicatea  cheir  use.  In  less  chan 
M  generacion,  che  computer  available  co  che  average  physicist 
1ms  changed  from  a  cumbersome  mechanical  calculator  chat  could 
barely  divide  to  an  electronic  wizard  chac  can  compute  and 
display  million-pixel  pictures  continuously.  These  advances  in 
numerical  computation  have  changed  che  character  of  theoretical 
physics  from  a  primarily  analytic  discipline  co  a  field  now 
dominated  by  numerical  calculations,  simulations,  and  pattern 
recognition. 

Atomic  physics  was  the  first  area  co  feel  che  impact  of 
compucers:  codes  for  solving  che  Harcree-Fock  equations  with 
configuration  interaction  almost  rendered  approximate  analytic 
theories  of  atomic  structure  obsolete  by  che  early  1960* s.  Solid 
ecucc  physics  was  also  dramatically  affected  by  che  cc.npucer 
revolution,  but  che  complexity  of  many-acora  solids  appeared, 
until  recently,  co  be  an  insurmountable  obstacle  to  a  fully 
nuiserical  approach  to  che  structures  of  solids.  As  a  result, 
three  separate  types  of  solid  state  theory  have  devt loped:  (1) 
analytic  theory,  of  which  th*>  theory  of  superconductivity  (1)  is 
a  prime  example;  (2)  numerical  theory,  such  as  energy  band 
calculations  (2);  and  (3)  simulations,  such  as  Monte  Carlo 
calculations  of  electron  transport  in  semiconductors  (3). 
High-speed  compucers  have  created  situations  '  such  that  the 
analytic  theories  can  be  evaluated  for  increasingly  realiswic 
models  of  solids,  the  numerical  theories  can  be  extended  to 
increasingly  complex  solids,  and  realistic  simulations  are  now 
possible.  In  fact,  che  theory  of  electronic  structure  of  simple 
solids  is  now  becoming  genuinely  predictive  in  che  sense  that  it 
is  capable  of  providing  valence  energy  band  structures,  based  on 
either  a  priori  theories  or  well-established  semi-empirical 
prescriptions.  High-speed  computers  will  certainly  cause  this 
predictive  capability  to  be  extended  in  the  near  future  to  more 
complex  solids.  Moreover,  increasingly  complex  numerical 
theories  chac  use  che  full  capabilities  of  supercomputers  are 
likely  cc  be  developed  -•  extending  che  predictive  capabilities 
cf  elec:rciuc  structure  theory  co  conduction  band  structures  and 
CO  excited  states  of  solids.  Thus  che  advent  of  supercomputers 
guarantees  a  revolution  in  solid  scace  theory. 
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The  purpose  of  this  paper  is  to  speculate  how  the 
supercomputer  revolution  in  its  early  days  will  affect  solid 
state  theory  and  to  sketch  a  picture  of  how  the  supercomputer 
and  its  less  agile  cousin,  the  laboratory  computer  (^),  will 
become  cools  of  the  average  theorist, 


II,  Optimal  Use  of  Supercomputers 


Supercomputers  are  extremely  fast  and  somewhat-complicated 
machines  chat  are  most  often  situated  at  remote  locations, 
Software  development  for  these  machines  is  in  a  primitive  state, 
and,  as  a  rule,  the  machines  are  decidedly  not  user-friendly, 


For  most  users,  supercomputers  are  at  distant  sites  and  have  to 
be  accessed  over  phone  lines  ••  this  restriction  means  chat  they 
are  useful  primarily  for  compute- limited  rather  chan 

output-limited  jobs.  (A  fully-utilized  supercomputer  will 
compute  so  many  numbers  chat  the  output  can  be  digested  by  iS 
humans  only  in  graphical  form  --  and  presently  available 
communications  are  not  well -suited  to  long  distance  transmission 
of  large  amounts  of  graphical  output,) 


The  software  and  comraun* nations  limitations  imply  chat 
researchers  interested  in  using  supercomputer^  today  should  be 
prepared  to  spend  a  few  months  at  the  supercomputer  sice  to  ‘ ^ 


learn  how  to  "vectorize”  their  codes,  or  they  should  station  a 
student  at  the  site  to  interact  directly  with  the  supercomputer 
(and  its  high-speed  graphics),  or  they  should  wait  until  the 
plans  to  develop  user-friendly  software  and  high-speed 
communications  are  further  along.  Hence,  in  the  near  future,  Che  ^ 
primary  use  of  supercomputers  by  solid  state  physicists  will  be  ^ 
for  large-scale  production  Jobs  on  cor* ute- limited  programs. 


While  it  is  always  cost-effective  in  a  narrow  sense  to  use  a 


supercomputer,  because  supercomputers  offer  the  most  megaflops 
per  dollar,  a  proper  cost-benefit  analysts  includes  the 

considerable  personnel  time  spent  dealing  with  software  and 
communications  problems.  In  our  experience,  the  benefits 

outweigh  the  costs  when  supercomputer  usage  appr**.iches  fifty 
hours  of  central  processor  time  or  when  stationing  a  studept  at  ^ 
the  supercomputer  site  becomes  economically  feasible.  Therefore, 
today  supcrcompucing  Is  primarily  for  r<*searchers  who  either  (1) 
spend  nearly  full-time  computing,  (ii)  work  near  a  supercomputer  ^ 
sice,  (iii)  have  research  budgets  so  amall  chat  they  are  forced 


Co  deal  with  the  software  and  communications  problems  in  order 


Co  obtain  the  lower  computer  costs,  or  (Iv;  have  problems  to 
large  that  laboratory  or  institutional  computers  cannot 


accommodate  them.  Users  with  lesser  needs  will  find  that 
personal  computers  with  their  superior  software  (e.g..  a  Compaq)  ^ 


or  laboratory  computers  wlch  their  user-friendly  and 
well- integrated  software  and  hardware  (e.g.,  a  VAX,  possibly  *3 
with  an  array  processor  attached)  offer  cost-effective  research 
computing  with  a  minimum  of  frustration. 
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Thera  are  major  efforts  in  progress  to  Improve  the 
user-friendliness  of  supercomputer  software  and  to,  develop 
high-speed  communications  between  supercomputers  and  remote 
installations,  If  these  efforts  fulfill  their  advertised 
promise,  supercomputers  will  become  much  more  useful  and 
accessible  for  casual  computations,  Nevertheless,  in  the  near 
future,  most  solid  state  physicists  will  perform  most  of  their 
program  development  and  debugging  on  personal  or  laboratory 
computers  --  and  will  transfer  large-scale  production 
computation  to  supercomputers. 

In  the  next  decade  we  expect  institutions  such  as  research 
universities  to  develop  balanced,  integrated  computer  networks. 
The  large  universities  will  own  supercomputers,  while  the 
smaller  ones  will  have  high-speed  data  links  to  supercomputer 
centers.  Universities  will  continue  to  have  computer  and 
graphics  centers  for  handling  moderately  heavy  computation  and 
for  shifting  the  Jobs  that  demand  extremely  fast  computation  to 
supercomputers.  Individual  researchers  and  research  groups  will 
continue  to  have  laboratory  computers  dedicated  to  specific 
tasks  and  will  use  these  computers  to  debug  codes  that  are 
shipped  to  supercomputers  for  rapid  execution.  These  laboratory 
computers  will  be  replaced  every  five  years  or  so,  with  the  old 
computers  being  incorporated  into  university-wide  networks 
designed  primarily  for  student  use.  All  lower  levels  of  computer 
usage  for  research,  such  as  personal  computer  usage,  will  also 
be  incorporated  into  the  same  networks. 

This  picture  of  the  near-term  evolution  of  research 
computing  into  a  stratified  system,  with  different  strata  having 
difrerent  but  complementary  functions,  is  the  basis  for  our 
projections  of  the  needs  for  supercomputers  in  solid  state 
physics . 


Ill,  Solid  State  Physics  and  Supercomputing 

Solid  state  physics  Is  an  extremely  broad  field  and  there 
are  many  problems  in  the  field  that  will  be  solved  using 
supercomputers .  Here  we  consider  only  two  nyplcal  general 
problems:  understanding  the  electronic  and  vibracionai 
structures  of  semiconductors.  Ue  argue  that  some  aspects  of 
these  problems  are  most  efficiently  solved  using  laboratory 
computers,  especially  when  one  accounts  for  the  accessibility  of 
laboratory  computers  in  comparison  with  most  supercomputers. 
Nevertheless,  there  are  many  interesting  research  questions  that 
can  be  answered  only  with  the  help  of  a  supercomputer  --  and 
some  that  will  require  future-generation  supercomputers. 
Therefore  we  strongly  endorse  efforts  to  upgrade  the  country's 
supercomputing  capability,  and  to  make  supercomputers  widely 
accessible  to  materials  scientists  and  solid  state  physicists. 
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Fig.  1.  Predicced  electronic  structure  of  the  metascable 
subsitucional  alloy  (^^P)l.x^®2x' 


a)  Electronic  Structure 

Currently  theorists  can  predict  the  electronic  structures 
of  solids  with  a  high  degree  of  confidence  If  they  first  know 
the  sites  of  the  constituent  acorns.  The  calculations  Involved 
can  be  performed  on  a  laboratory  computer  if  there  is  some 
regularity  or  periodicity  to  the  posicicus  of  the  acomt  and  if 
the  atomic  geometries  are  not  coo  compLicated,  For  example.,  the 
band  gap  of  a  raecascable  substitucional  crystalline  alloy  &uch 
as  calculated  rather  well  (5).  Fig.  1, 
because  this  seraiconduccive  alloy  is  highly  covalent  and  similar 
to  well-understood  2^.j^Ge2j^  (6j.  The  alloy  effects  can  be 
created  in  the  vircual-cryscai  or  "amalgamated**  approximation 
(7):  the  interactions  between  atoms  overpower  small  differences 
in  Che  energies  of  different  atoms,  making  the  electronic 
structure  insensitive  to  the  details  of  alloy  configurations  or 
any  slight  lattice  relaxation. 
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This  pl«*sanc  sicuacion  falls  co  hold,  <however,  (1)  once 
charge* transfer  between  atoms  becomes  important  (i.e,.,  for  Ionic 
solids),  or  (11)  once  atoms  In  an  alloy  cluster  together,  or 
(111)  in  cases  such  chat  fluctuations  In  composition  beyond 
mean* field  theory  become  important,  or  (iv)  when  the  fundamental 
unit  cell  of  the  solid  is  too  large,  For  such  problems, 
supercomputers  will  be  needed.  Furthermore,  attempts  to  develop 
a  fundamental  thermodynamics  of  solids  and  to  study 
electronically  driven  phase  transitions  or  defect  stabilized 
phases  using  actual  electronic  wavefunctions  will  require 
massive  calculations  --  on  supercomputers, 

b)  Vibrational  Structure 

Predictions  of  the  vibrational  structure  of  solids, 
particularly  in  the  spectral  neighborhood  of  the  optical  phonons 
are  very  sensitive  co  details  of  short-range  order  and  hence 
will  require  more  computing  power  chan  corresponding  electronic 
structure  problems.  In  fact,  the  phonon  spectrum  of  a  simple 
random  alloy,  such  as  (GaSb)|^.^Ge2v,  is  a  superposition  of  lines 
associated  with  the  different  'bonds  (Fig.  2)  (8),  with  the 
energy  of  each  line  depending  on  as  many  as  hundreds  of  atoms 
nearest  co  the  bond.  To  merely  solve  Newton's  equations  of 
motion  for  such  a  single  cluster  of,  say,  1000  atoms  requires 
diagonalizacion  of  a  3000  by  3000  matrix  --  in  the  simplest 
model  (short-ranged  forces,  rigid- Ions). 

There  are  simply  too  many  different  alloy  configurations  co 
include  them  all  If  one  allows  for  any  one  of:  anharmonlc 
forces,  long-ranged  interactions,  atomic  polarization,  off -sice 
atomic  distortions,  finite  temperatures,  or  clustered  atomic 
configurations,  the  problem  of  calculating  the  phonon  spectrum 
of  this  simple  alloy  for  even  a  few  alloy  configurations  becomes 
intractable  even  with  today's  supercomputers.  This  problem 
awaits  future  generations  of  supercomputers  for  its  solution. 
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Fig.  2.  Predicted  phonon  density  of  states  of  metastabl. 
(GaSb)2^_j.Ge2y^  alloy,  after  Ref.  (8).  The  dashed  line  is  what  li 
known  as  the'persistent  approximation. 


IV.  Surainary 


Clearly  supercompucers  will  have  a  profound  effecc  on  Che 
level  of  cheoreclcal  understanding  of  solids,  especially  conplex 
solids  such  as  superlaccices  or  microscruccures .  With  increasing 
superconpucer  speed,  Che  solid  scace  cheoriscs  will  be  able  co 
creac  increasingly  complex  scruccures  in  electronic  macerials  •• 
and,  before  long,  will  be  able  co  predict  che  properties  of 
electronic  devices,  As  che  computing  elements  become  smaller, 
faster,  more  complex,  and  governed  by  quantum  rather  than 
classical  laws  of  physics,  Che  laws  of  quantum  mechanics 
implaroented  with  supercompucers  will  become  Increasingly  capable 
of  predicting  che  properties  of  newer,  smaller,  and  yet  more 
powerful  circuic  elements.  One  of  che  ,  great  dreams  of 
cheorecical  physics  will  be  realized;  Theory  will  be  able  Co 
predict  new  man*made  eleccibnic  device  scruccures  chac,  when 
fabricated,  will  have  a  profound  effecc  on  modern  culture. 
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The  energy  levels  of  antisite  defects  at  a  GaAs/Ge  ( 1 10)  interface  are  calculated  and  shown 
to  be  essentially  unaltered  with  respect  to  the  GaAs  valence  band  maximum  by  different 
choices  of  the  valence  band  offset. 


I.  INTRODUCTION 

The  physics  of  impurities  and  defects  at  interfaces 
needs  considerable  development  as  a  result  of  the  in¬ 
creasing  scientific  and  technological  importance  of 
semiconductor  superlattices  and  the  ability  to  fabricate 
superlattices  with  very  thin  layers  (and  hence  large  in- 
terface-to-volume  ratios).  Impurities  at  interfaces  are 
known  to  have  different  deep  impurity  levels  from  those 
in  the  bulk'"^  because  of  the  reduced  point  group  sym¬ 
metry:  C,„  for  a  GaAs/Ge  (110)  interface  with  its 
( 1  To )  reflection  plane,  instead  of  Tj .  *  In  the  bulk,  an  j- 
and  ;)-bonded  impurity  would  normally  produce  four 
deep  levels  in  the  ••icinity  of  the  fundamental  bandgap’: 
onej-like.-f,  level  and  a  triply  degenerate  /?-like  T,  lev¬ 
el.*  The  interface  shifts  the  level  and  splits  the  T, 
level  into  two  nearly  degenerate  ff-lik<'  o'-  and  a'-sym- 
metric  levels*  and  a  a-like  o'*  or  Oi  level.*  (See  Figs.  1 
and  2. )  The  splitting  of  the  --like  levels  is  due  to  second- 
and  more-distant  neighbors. 

A  number  of  papers  have  dealt  with  the  physics  of 
deep  impurity  levels  at  interfaces,*’’  although  many 
more  have  considered  deep  levels  at  surfaces.'®’"  One 
feature  of  interfacial  deco  levels  that  has  not  been  ade¬ 
quately  explored  is  how  the  energies  of  deep  impurities 
depend  on  valence-band  offsets,  few  of  which  are  known 
accurately.  In  this  article  we  present  theoretical  results 
bearing  on  this  question,  taking  as  our  prototypical  de¬ 
fect  As  on  a  Ga  interfacial  site  of  a  <3aAs/Ge  ( 1 10) 
perfect  hetercjunction. 

II.  CALCULATIONS 

Our  calculations  are  based  on  an  empirical  tight- 
binding  model  of  electronic  structure,  and  they  use  a 
Hamiltonian  whose  matrix  elements  reproduce  the 
known  (low-temperature)  bandgapsofGaAsand  Ge.'* 
The  defect  potential  matrix  F  is  constructed  using  the 
rules  of  Hjalmarson  et  al.'^  The  Hamiltonian  for  the 


*’  Present  address.  Tesas  Instruments.  Richardsut..  Texas. 
•”  Permanent  address. 


( 1 10)  interface  between  GaAs  and  Ge  is  constructed, 
and  the  interfacial  Green’s  function  is  computed,  as  dis¬ 
cussed  in  Refs.  2  and  4.  Then  the  interfacial  deep  levels 
are  computed  using  the  theory  of  Hjalmarson  et  al.'^ 
Details  of  the  calculational  procedure  are  available. 

In  constructing  the  Hamiltonian  for  the  interface, 
we  must  know  the  valence-band  offset,  because  the  elec¬ 
tronic  structure  theory  of  Vogl  et  al.'-  assumes  that  the 
zero  of  energy  for  each  semiconductor  lies  at  the  va- 
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FIG.  I.  Schematic  illustration  of  an  ASq^  defect  at  a  GaAs/Ge  ( 1 101 
interface.  The  defect's  nearesi-neighN)r  environment  is  the  same  as  for 
ASg*  in  bulk  GaAs.  except  for  one  Ge  atcai  ( in  solid  circle).  This  one 
Ge  atom  will  shift  the  ASq^  5-likc.-I ,  deep  level  and  split  the  ASo*  p- 
like  7\  .?evel  into  a  a-like  o*  level  polarized  along  the  ASc*-Ge  axis, 
plus  a  twofold  degenerate  .7-likc  level  polanzed  pcrpendicularl>  to  the 
Asc.-Gcaxis.  Thca-hke  le^el  mows  up  in  energy  because  Civ  is  more 
eIcctroposiu>e  than  the  As..ivm  of  bulk  GaAs  that  u  repluc  >  The 
like  level  lies  very  near  the  bulk  level  and  is  split  into  o'  (higher 
energy)  and  a*  levels  by  the  second-neighl)or  Ge  atoms  (in  dashed 
ciicics  The  .nteriace  between  GaAs  and  Oe  is  denoted  by  a  chained 
line. 
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FIG.  2.  Predicted  energy  Ic\'c!s  near  the  fundamental  bandgap  for  the 
ASc,  defect  in  Ga As  at  a  GaAs/Gc  interface.  We  assumed  band  off¬ 
sets  of  (a)  0.73  cV’*'  and  (b)  0.41  cV.*'*  Dashed  Ie\'cls  arc  resonant 
with  the  bands  of  cither  GaAs  or  Ge. 


lence-band  ma.ximum.  For  GaAs/Ge,  which  is  thought 
to  be  a  type  I  heterojunction,  the  valence-band  maxi¬ 
mum  of  Ge  lies  at  higher  energy  by  than  that  of 
GaAs  (an  J  the  conduction  band  minimum  lies  at  lower 
energy).  The  value  of  the  band-offset  A£,,  is  controver¬ 
sial,  however.  Therefore  we  repea:  our  calculations  for 
each  of  two  commonly  cited  theories  of  band  offsets: 
(i)  the  Frensley-Kroemer  theory,  which  predicts 
A£’j.  =  0.73  cV*^  and  (ii)  the  Harrison  theory,  which 
predict;  A£,.  =  0.41  eV.*^  There  have  been  numerous 
other  theories  of  band  offsets,  such  as  the  electron-affin¬ 
ity  rule,‘^  including  some  very  recent  ones*”;  but  none 
can  be  considered  quantitatively  reliable,  since  the 
many-electron  and  lattice -relaxation  effects  omitted 
from  all  of  these  theories  typically  account  for  tl  eoreti- 
cal  uncertainties  of  several  tenths  of  an  eV.  Neverthe- 
IcG.s,  the  values  A£,,  =  0.73  eV  and  0.41  eV  span  a  rea¬ 
sonable  range  of  band  offsets  and  will  serve  the  purpose 
of  displaying  any  significant  dependences  of  deep  levels 
on 

We  calculate  the  deep  le\  els  associated  with  interfa¬ 
cial  Ga  and  As  antisite  defects  in  GaAs  at  a  GaAs/Ge 
(110)  interface.  For  all  choices  of  the  band-offset  A£,, , 
we  Hnd  that  the  deep  levels  of  Ga^^^  lie  distant  from  the 
bandgap  and  that  the  As  defect  on  the  inierfacial  Ga 
site,  ASqj,  produces  three  /?-!ike  deep  levels  in  or  near 
the  common  Lndamenial  bandgap  of  GaAs/Ge:  two 
lower-enenjy»  nearly  degeneiate  »'-like  levels  that  are 
almost  at  .c  same  energy  as  the  bulk  ^ 

higher-eneigy  cr-like  a'  level.  The  upper  rr-like  level  is 
also  of  s\  nimetr\  ^  and  has  positive  parity  with  respect 
to  the  ( iTO;  reflection  plane,  whereas  th  lower  level  is 
a'*  symmetric,  with  negative  parity.  (The  a-likea'  level 
lies  at  higher  energy  than  the  7r-like  levels  because  Ge  is 
more  electropositive  than  the  As  atom  of  bulk  GaAs 
that  the  Ge  replaces  when  the  interface  is  formed.)  Our 
calculations  show  that,  to  a  very  good  approximation, 


the  energies  of  these  three  levck  arc  fixed  relative  to  the 
valence-band  ma.ximum  of  GaAs  and  are  independent 
of  the  band  offset.  (Sec  Rg.  2.) 

This  result  can  be  understood  rather  simply:  The 
primary  effect  of  replacing  half  of  a  Ga-As  crystal  wiih 
Ge,  from  the  point  of  view' of  an  interfacial  ASg^,  results 
from  the  replacement  of  the  defect’s  neighboring  .As 
atom  by  a  Ge  atom.  The  Ge  atom  perturbs  the  bulk 
ASq^  deep  level  with  a  penurbaiion  potential  whose  size 
can  be  estimated  as  roughly  the  difference  in  Ge  and  As 
5-atomic  orbital  energies,*"  of  order  3  eV.  The  resulting 
level  shift  is  considerably  smaller  {by  almost  an  order  of 
magnitude),  however,  because  onij  a  fracii»ui  of  the 
Asg3  deep-level  wavefunction  overlaps  the  Ge  pertur¬ 
bation.*^"*^  (Recall  the  first-order  perturbation  e.\pres- 
sion  for  energy  shifts."  * )  This  fraction  is  even  smaller  for 
the  ;r-like  a'  and  a*  states  than  for  the  cr-like  a'  state. 
Therefore,  although  the  perturbation  associated  with 
replacing  As  by  Ge  is  of  order  —  3  eV,  the  resulting  level 
shifts  are  about  an  order  of  magnitude  smaller:  0. 1  eV 
for  the  c'-like  states  and  0.6  eV  for  the  a-like  state.  Fur¬ 
thermore,  changes  in  band  offset  of  order  0.3  eV  should 
be  viewed  as  changes  in  the  penurbaiion  by  Ge  of  order 
10%  and  therefore  cause  — 10%  changes  of  the  already 
small  level  shifts:  only  0.01  to  0.06  eV — a  negligible  few 
hundredths  of  a.i  eV. 

in.  CONCLUSIONS 

Therefore  we  find  that  the  deep  levtk  of  interracial 
defects  are  different  from  the  deep  levels  of  the  same 
defects  in  the  bulk,  and  that,  when  measured  relative  to 
the  valence-band  maximum  of  the  material  in  whicli 
they  reside,  are  (loagoodappro.ximation)  independent 
of  the  energy  of  the  valence  band  edge  cf  ihe  other  mate¬ 
rial  and  the  band  offset  of  the  heterostruciure.  These 
results,  although  obtained  for  an  ASoa  defect  at  a 
GaAs/Ge  (110)  interface,  are  more  universally  valid 
and  can  be  expected  to  hold  in  general  for  substitutional 
inierfacial  defects  at  perfect  semiconductor  interfaces. 
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The  energy  band-scruccure  of  wurrzice-scruccure  sesiconduccive  InH  is 
predicted  using  eopirical  nearesc>neighbor  rlghc*binding  theory.  The 
tight-binding  paraiieters  are  extrapolated  from  those  of  zincblendc  InP, 
InAs,  and  In^  by  using-  empirical  rules  for  the  dependences  of  the 
parameters  on  bond  length  and  on  row  of  the  Periodic  Table.  The 
predicted  band  gap  is  direct  and  agrees  veil  with  the  data  for  this 
potential  orange  light -emitter.  It  is.^uggested  that  zincblende  InN^  if 
it  can  be. grown,  also  will  have  a  band-gap  near  2  eV. 


1.  Introduction 

The  recent  successful  growth  [1'3)  of 
high-mobility,  polycrystallxnc  InN  with  a  direct 
fundamental  band  gap  in  the  orange  part  of  the 
spectrum  (2.05  eV  (2))  suggests  that  this  new 
material  might  some,  day  be  fashioned  into  large 
band-gap  solid  state  lasers.  It  is  widely 
believed  that  III-V  materials  are  more  easily 
doped  both  n-  and  p-type  than  the  large  band-gap 
II-VI  semiconductors ,  and  so  a  2  eV-gap  III-V 
semiconductor  such  as  InN  nay  find  exciting 
applications  as  a  visible  light-emitting  diode 
and  laser.  To  stimulate  more  research  on  the 
optical  properties  of  InN,  we  present  here 
predictions  of  its  energy  band  structure. 

The  predicted  band  structure  Is  based  on  a 
nearcjt-neighbor-  empirical  tight-binding  model 
of  vurtzite  semiconductors,  with  an  sp^  basis  at 
each  atomic  site  (4-6].  This  model  has 
successfully  described  the  electronic  structures 
and  deep  ixcpurity  levels  of  a  nunoer  of  ocher 
vurtzite  semiconductors  with  large,  indirect 
fundamental  band  gaps  [6,7].  The  basis  sec 
consists  of  one  s  and  three  p  orbitals  centered 
on  each  atomic  sice.  Hence  the  Hamiltonian 
matrix,  for  fixed  waveveccor  ic,  is  16x16.  This 
matrix  is  displayed  explicitly  in  Ref.  (6J. 

2.  Band  structure  of  vurtzite  InN 

To ^determine  the  band  structure  of  InN,  we 
must  first  determine  the  tight-binding 
parameters,  namely  the  diagonal  matrix  elements 
£  and  the  off-diagonal  elements  V  [6],  and  then 
diagonalize  the  Hamiltonian  matrix.  Ue  obtain 
the  tight-binding  parameters  for  vurtzite  InN 
from  chose  of  zincblende  InP,  InAs.  and  InSb, 
because  the  zincblende  parameters  are  known  (and 
exhibit  chemical  trends)  (8]  and  the 
nearest- neighbor  environments  of  the  two  crystal 
structures  are  virtually  the  same  (9], 


The  on-site  matrix  elements  £  for  InN  were 
determined  as  follows:  The  three  matrix  elements 
of  InP  (Row  3  of  the  Period *c  Table) ,  InAs  (Row 
4),  and  InSb  (Row  5)  defined  a  parabolic 
function  of  r,  where  r  is  the  Row  of  the 
Periodic  Table.  Ve  cook  the  value  of  this 
function  for  r  *  2  to  be  the  on-site  matrix 
element  for  InN.  As  expected,  the  resulting 
matrix  elements  for  the  N-site  were  only  weakly 
dependent  on  r,  and  the  In-sice  matrix  elements 
reflected  the  same  chemical  trends  as  the  atomic 
orbital  energies  w^  [8,10].  (For  a  tabulation  of 
those  energies,  see  Ref.  [8]..) 

The  off-diagonal  matrix  elements  V  were 
assiimed  to  follow  Harrison's  rule  [11]:  They  are 
proportional  to  the  inverse  square  of  the  bond 
length  [9],  and  were  obtained  by  multiplying  the 


TABLE  I.  Tight  binding  parameters  (in  eV)  for 
InN  in  the  notation  of  Ref.  [6].  The  parameters 
are  the  same  for  vurtzite  and  zincblende 
structures;  for  the  zincblende  structure  there 
are  additional  parameters  associated  with  the  s* 
orbital  [7], 


E(s.a) 

-7.0721 

E(p.*) 

- 

0.7531 

E(s.c) 

- 

-0.6766 

E(p.cl 

- 

4,0306 

V(s.s) 

- 

-5.1158 

V(x.x>. 

- 

1.7511 

V(x,y) 

- 

3.8027 

V(sa,pc) 

- 

1.8009 

V(pa,sc) 

- 

5.3898 
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(a) 


(b) 


Fig.  1.  Brillouin  zones  of  the  (a)  wurczicc 
and  (b)  zlncblende  crystal  structures. 


Wurtzite  InN 


InN. 


InP  values  by  Che  square  of  the  ratio  of  bond 
lengths  for  InP  and  InN. 

The  resulting  parameters  are  presented  in 
Table  I;  the  Brillouin  zone  of  the  wurtzite 
structure  is  In  Fig.  la  (12),  and  the  predicted 
band  structure  of  InN  Is  displayed  in  Fig.  2. 

Our  band  structure  is  in  good  agreement  with 
Che  principal  experimental  fact  (1):  we  find  a 


direct  fundamental  band  gap  of  2.2  eV  (at  low 
temperature),  compared  with  the  experimental 
value  of  1.9  eV  at  room  cemperacurs  (2). 
Considering  chat  the  theory  obtains  a  2  eV  gap 
by  scaling  parameters  for  InP,  Inns,  and  InSb, 
all  of  which  have  considerably  smaller  band  gaps 
(1.41,  0.43,  and  0.23  eV,  respectively),  the 
agreement  with  the  data  is  remarkable. 
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A  M  FA  H  K 

Wave -vector  k 


Fig.  3.  Band  scruccure  of  vurczice  InN.  after 
Ref.  [1),  for  comparison  with  Fig.  2. 


The  general  structure  of  the  valence  bands  is 
similar  to  that  obtained  both  experimentally  and 
theoretically  for  other  vurtzite  semiconductors 
[13).  lending  further  credence  to  the  results. 

Ve  are  aware  of  only  one  calculation  of  the 
band  structure  of  ln!«  rhat  predates  this  work,  a 
calculation  based  bn  the  empirical 
pseudopotenclal  method  (1,2).  There  are 


significant  quaHcacive  and  quantitative 
:differences  becveen  cur  bands  and  the 
pseudopotenclal  bands  (Fig.  3),  and  ve  have 
reason  to  believe  that  the  tight-binding /oand 
structure  is  core  realistic  {K].  Based  on 
experience  with  tincblende  (8)  and  the  other 
vurtzite  [6]  semiconductors,  we  expect  our 
valence  bands  and  the  lowest  conduction  bands  to 
mimic  the  real  band  structure  rather  veil,  up  tb 
3  eV  above  the  valence  band  maximum. 

Ue  propose  that  experimental  studies  of 
vurtzite  InN,  including  angle -dependent 
photoemission  and  electron  energy- loss 
spectroscopy,  be  initiated  to  resolve  the 
discrepancies  between  the  tvo  theories  and  to 
determine  the  correct  band  structure  of  this 
potential  orange  light  emitter. 


3.  Zincblende  Ir2« 

It  is  interesting  to  speculate  about  the 
properties  of  zincblende -structure  InN.  on  the 
grounds  that  it  might  be  possible  to'  grow 
metastable  zincblende  InN  in  a  layered 
structure,  much  as  zincblende  Zni^^^^Mn^^Sc  was 
grown  between  ZnSe.  layers  for  0.3  <  x  <  0.7  by 
Kolodziejski  et  al.  (15),  despite  its  preference 
for  the  vurtzite  phase  for  0.3  <  x  <  0.6. 
Because  of  the  small  covalent  radius  of  N.  few 
of  the  common  semiconductor  materials  lattice - 
match  well  to  InN;  for  example,  SiC,  AiN.  BP. 
GaH.  and  Si  have  bond- length  mismatches  with  InN 
of  14%,  13%,  9%,  8%,  and  -8%,  respectively; 
Clearly  the  stabilization  of  the  zincblende  form 
of  InN  in  a  suitable  artificial  layered 
structure  represents  quite  a  challenge. 


Zinc-blende  InN 


L  r  r 

Wave-vector  K 

Fig.  4.  Predicted  band  structure  of  zincblende 
InN. 
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In  the  hope  of  scizulaclng  efforts  to  -grow 
zlncblende  XnN  ve  have  predicted  in  Fig.  ^  its 
band  structure,  using  the  aodel  of  VogI  ec  al. 
jS],  with  the  s  and  p  HaaiXtohian  matrix 
elements  of  Table  I  and  s*  raacrlx,  elements  [7] 
obtained  by  the  same  method  of  extrapolation 
used  for  Che  vurczicc  zsatrix  elements,  (’^e 
zlncblende  Srillouln  zone  Is  displayed  in  Fig. 
lb.)  The  fundamental  bend  gap  is  the  same  in  Che 
zincblende  structure  as  in  the  wurt'zicc 
structure  for  the  sp^  wurtzite  nearest -neighbor 
tight-binding  theory  and  the  sp^s^~^Vogl  model  of 
Che ^zincblende  structure,  namely  2.2  eV,  or 

^  ^gap  "  2(s,a)  +  £{s.c)  -  E(p,a)  -  E(p,c) 

+  (  (E(s.a)-E(s,c))2  +  i.  ^  )V2 
+  [  (E(p.3)-E(p.c))2  +  4  1^/2 

Here  ve  have  used  che  notation  of  Ref.  [8], 

One  unique  feature  of  che  predicted  band 
structures  is-  che  width  of  che  valence  bands, 
which  for  both  wurczice  and  zincblende  InH  is 
about  half  what  one  finds  for  ocher  similar 
semiconductors.  These  narrow  widths  may  be  an 
artifact  of  the  model,  however:  for  example,  a 
similar  tight-binding  theory  of  AfN  produced  a 
valence  band  width  larger  chan  subsequently 
predicted  by  che  local- density  pseudo-function 
method  [16].  In  this  regard,  ve  note'^that  Tsai 
ec  al.  [17]  and  Christensen  [18]  have  very 
recently  independently  communicated  to  us 
local -density  band  structures  which  feature 
broader  valence  bands.  Local- dens icy  theory, 
however,  generally  produces  a  fundamental  band 
gap  chat  is  much  coo  small,  and  so  che  issue  of 
which  theory  is  superior  should  be  resolved 
experimentally.  Ve  do  note  that  ve  can  adjust 
che  parameters  of  che  model  Co  obtain  broader 
valence  bands  while  retaining  che  2  eV  gap,  but 
such  adjusted  parameters  would  noc  have  che  a 
priori  status  of  che  present  parameters.  Such 
adjustments  would  not  greatly  affect  predictions 
for  either  the  band  gaps  of  InN-based  alloys 
(such  as  Ini.j^Gaj^N)  or  the  electronic  states 
near  che  lundamencal  band  gap  associated  with 
localized  perturbations,  such  as  deep  levels 
[19].  Therefore,  che  model  should  prove  useful, 
even  if  it  is  shown  to  predict  valence  bands 
chat  are  somewhat  narrow. 

U .  Summary 

In  summary,  XnN  in  either  che  vurzice  or  che 
zincblende  form  is  expected  to  be  an  interesting 
optoelectronic  material  with  a  band  gap  in  or 
near  che  orange  part  of  che  spectrum.  It  would 
be  interesting  if  either  of  these  materials 
could)  be  grown  with  electronic-grade  quality, 
and  che  predictions  of  this  paper  tested. 
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The  X-ray  photoemission,  absorption,  and  emission  spectra  of  a  one-dimensional,  one- 
orbital-per-site  model  of  an  ordered  binary  compound  AB  and  its  disordered  countt.-parts 
A|.xBuxB;rAT  •'’re  calculated.  With  increasing  x,  the  band  gap  of  this  model  changes  from 
being  large  (msulating)  to  very  small  (semiconductive).  Final-state  interaction  elfccts  that 
prodiiwv  elec:.0!iic  excitation  of  valence  electrons  across  the  gap  are  incorporated  in  a 
change-of-mean-field  approximation.  The  spectra  exhibit  sidebands  associated  with 
.disorderanc*  distinctive  features  associated  with  the  character  of  the  one-electron  states  and 
excitoric  states. 

1.  Introductior 

In  this  paper  we  repon  calculations  of  the  X-ray  photoemission,  absorption, 
and  emission  spectra  of  a  one-dimensional  model  of  an  ordered  diatomic 
compound  AB,  and  of  its  disordered  counterparts  with  various 

concentrations  x  of  antisite  defects.  With  increasing  .v  this  model  changes  from 
having  a  large  band  gap  (an  insulator)  to  having  a  sufficiently  small  gap  and  den¬ 
sity  of  stater  in  liie  vicinity  of  the  Fermi  surface  that  it  is  semiconductive.  TI.c 
calculations  are  based  or  a  one-electron  and  one-orbital  per  site  tight-binding 
model,  and  incorporate  many-electron  final-state  interaction  effe'is  in  i  chai.ge- 
of-mean-field  approximation.'  To  our  knowledge,  this  is  the  first  treatment  of  a 
model  for  such  muiti-electron  processes  in  diatomic  compounds,  either  ordered 
or  disordered. 

2.  Model 

In  the  change  of  mean-field  model,  we  treat  only  the  valence  and  conduction 
electrons,  which  in  the  initial  state  for  X-ray  photoemission  are  described  by  the 
A-clectron  .Hamiltonian 
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s 

(1) 

l—l 

where  we  have  the  lighi-hinding  one-electrcn  Hamiltonian 

h,  =  y  |/i)  (n|  +  0\n)  {n  -r  \\  +  p\n  ^  I)  (2) 

n—l 

Here  jn)  refers  to  the  orbital  at  the  n-th  site  of  M sites,  £(«)  is  either  £*  or  £3 ,  and  P 
is  the  transfer  matrix  element.  For  the  disordered  solid,  £(«)  is  £^  with  probability 
1  —  xand  £3  with  probability  ,v.  if  n  is  even;  e{n)  is  £3  with  probability  1  — .vand  £a 
with  piobatility  x,  if  n  is  odd.  For  the  ordered  solid,  we  have  '•  =  0. 

The  f.nal-state  Hamiltonian  is 

N 

HF-yh\,  (3) 

I 

where  h,  is  identic.:!  to  h-, ,  except  at  the  site  R  of  the  core  hole  —  which  has  an 
additional  electron-hole  interaction  term  F  =  Vq  jR)  (Rj ,  with  Fq  <  0  •  The  initial 
many-eleciron-  Siate  L"}  is  a  Slater  determinant  of  the  N  lowest-energy.  single¬ 
particle  Ci' oital  eigenfun.iioits  \<j>)  of  h.  The  carious  final-states  jFv)  are  determi¬ 
nants  of  .V eigenfunctions  |ti/)  of  h'. 

Here  we  consider  onh  a  single-spin  channel  (up),  -because  the  effects  of  the 
spin-down  channel  car  be  included  a  posteriori  by  convolution'  and  merely  serve 
to  asymmetrically  broaden  the  single-channel  speci'a  slightly,  without  altering 
the  essential  physics.  Hence,  iu  this  paper,  the  number  of  electrons  Nis  half  the 
number  of  sites  if;  the  Firm-  energy  is  halfway  between  s^andsB,  which  we 
define  ’o  be  zero:  =  —  Cr  . 

In  the  chaiif-of-incan-field  model  the  X-ray  photoemission  spectrum  (XPS) 
for  photoelectrons  energy  £  is 

/(£)  =  y  5{E  •¥  Er,-  E,-no)-  .  (4) 


Here  Ef^  anc  E,  a-o  'he  final-  and  initial-state  energies  of  the  conduction  elect '•on 
gas  and  £rore  is  tl.e  core  hole  energy  relative  to  the  center  of  the  conduction  band. 
The  XPS  rec-jil  energy  is 


i  I 


where  the  sums  .are  over  occupied  final-  and  initial-state  single-particle  energies. 
Likewise  the  X-ray  emission  spectrum  foi  photons  of  energy  £  is 


k(E)  =  o(E  -E,+  Ey,.) . 


(6) 
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where  the  initial  state  |/)  is  a  determinant  of  iV  +  I  and  the  various  final 
states  |Fv)  are  configurations  described  by  determinants  of  yvj<^)'s  and  om*  core 
orbital: 


WiCR) 


V'i(R) 


Vn+\  (R) 


(7) 


)  •  •  •  l(0v./v|  V0/+ 1 ) 


Here  (4>\tf/)  is  a  scalar  product,  R  is  the  core.hole  site,  and  we  have  assumed  that 
the  core  radius  is  negligible*  and  Mq  is  a  constant.  A  similar  expression  holds  for 
X-ray  aborption.^’^ 

We  have  the  sum  rules  for  XPS' 

rmdE^^i,  (8) 

J  — 00 

and  for  emission^ 


/c(£)^/F-=i\/^S,-|V'.(R)f,  (9) 

J— 00 

where  the  sum  is  over  occupied  orbitals  of  the  initial  state. 

The  lineshapes  we  display  are  ensemble  averages  (denoted  by  « _ »)  over 

all  core  hole  sites  (typically  1000  such  sites);  e.g., 

XiE)  =  «  Z, \{F  !Ml/)p  A/o"'  S{E  -  £,  +  E^,) »  .  (10) 

The  procedure  for  executing  the  calculations  has  been  described  elsewhere^-"'. 
Briefly,  we  have  directly  diagonalized  the  Hamiltonian  for  A'  =  20  electrons  and 
M  —  40  sites,  with  the  core-hole  site  beitig  one  of  the  ten  innermost  sites. 


3.  Results 

The  results  of  our  calculations  (for  0  ~  - 1/2,  Vq  =  -2|/?|,  Cb  =  2i/?| ,  and 
Ca  ~  ~2b)  are  given  in  Figs.  1  and  2,  3  and  4,  and  5  and  6,  for  X-ray 
photoemission.  X-ray  absorption,  and  X-ray  emission,  respectively. 

These  spectra  can  be  understood  by  referring  to  the  density  of  states^®  (Fig.  7), 
which  feature  a  filled  A-like  valence  band  and  an  empty  B-like  conduction  band 
(for  A'  =  0)  which  both  develop  sidebands  associated  with  antisitc  defects  (e.g., 
ABA.AAB)  and  clusters  of  defects  as  a  result  of  disorder  (for  a*  ^  0).  For  sufficient 
disorder  (a’  >0.1)  the  gap  between  the  valence  and  the  conduction  bands  becomes 
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Fig.  1.  Predicted  X-ray  photocmission  spectra  for  core  exciiatior  of  the  A-site  as  a  function  of  the 
emined  electron's  energy  F  for  Ai-xBl~xBiA, ,  for  ^  0  (solid  line),  forx  0, 1  (dashedline),  x  ••  0,2 
(doned),  X  *-  0.3  (dashcd-doned),  x  0.4  (dash-double-doncd),  and  ;c  «  0,5  (double-dash  dolled). 


Fig.  2.  Prediacd  X-ray  pl'.otoemission  spectra  for  excitation  of  the  B-siie,  as  in  Fig.  1. 
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Fig.  3.  Predicted  X-ray  absorption  spectra  xi^)  for  excitation  of  a  core  level  at  the  A-sitc,  as  in  Fig.  I . 


Fig.  4.  Predicted  X-ray  absorption  spectra  for  excitation  of  a  core  level  at  the  B-site,  as  in  Fig.  I . 


ver/  small.  That  is,  the  disorder  converts  the  model  material  from  insulating  to 
semiconductive. 

Further  aids  to  understanding  the  spectra  are  Figs.  8  and  9,  which  display  for 
the  ordered  diatomic  material  .^B  the  total  density  of  states,  the  local  densities  of 
states  at  the  A  and  B  sites,  and  the  hole-perturbed  densities  of  states  at  the  .A  and 
B  sites.  Note  that  the  hole-perturbed  local  density  of  states  at  the  B-site  has  two 
bound  states,  one  associated  with  each  band,  but  that  at  the  A-site  there  i.s  only  an 
A-band  bound  state. 
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Fig.  5.  Predicted  A-site  X*ray  emission  spectra  x(E),  as  in  Fig.  I. 


UJ 
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Fig.  6.  Predicted  B-site  X-ray  emission  spectra  x(^)t  ^  'f>  P'S-  !■ 


a)  XPS  spectra 

The  X-ray  photoemission  spectra  (XPS)  for  creation  of  a  core  hole  at  site  A 
(Fig.  1)  each  have  a  large  peak  [at  (£ -- ^ct>— eo,«)/2|/?ics  l]  associated  with 
photoemission  from  the  core.  For  x  =  0,  this  peak  is  symmetric.  There  is  a  low- 
energy  sideband  [at  (£  -  =s  -  2.5]  corresponding  to  accompany¬ 

ing  excitations  of  the  electron  gas  from  the  bound  state  of  tlie  (fill  .’d)  k  band  to 
the  empty  B  band  (see  Fig.  9).  For  #  0,  the  structure  near  (£  -  ficj—e^n) 
a  —  2|;Sj  corresponds  to  disorder-activated  excitations  from  near  the  top  of  the 
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Fig.  7.  Broadened  densities’  of  states  (times  2|/?!.  the  unit  of  energy)  versus  £/2!.9!  for 
with  .Jf  0.1  (solid  line),  x  •*  0.3  (dashed),  and  x  ••  0.5  (chained).  Levels  with  £  <  0  lie  below  the 
Fermi  energy  £f  0  and  are  occupied  at  aero  temperature.  For  x  *•  0.1.  the  characteristic 
|£  —  £o|"''’  van  Hove  singularities  are  blurred  slightly.  For  larger  x,  antisiie-defect  peaks  are 
prominent,  small  sidebands  associated  with  clusters  of  antisite  defects  are  visible,  and  band-center 
peaks  associated  with  disorder  are  present.' 

filled  A  band  to  the  empty  B  band  (tee  Fig.  7).  With  increasing  disorder  the  gap 
between  the  filled  A  band  and  the  emp;  ;  B  band  fills  in,  and  the  main  peak 
becomes  more  asymmetric,  due  to  low  energy  excitations  of  the  electron  gas 
across  the  gap  from  below  the  Fermi  energy  to  above.  (These  excitations  are 
forbidden  for  x  *  0,  because  the  model  is  insulating  in  this  limit  —  there  are  no 
states  in  the  band  gap  of  4|/?|.) 

XPS  at  the  B  site  (Fig.  2)  produces  a  nearly  rccoilless  peak  at  £  •"  fioj—eton  -  0. 
and  a  peak  at  s  — 1.7  corresponding  to  transitions  from  the  filled  A  band  to  the 
empty  bound  state  (see  Fig.  8)  of  the  B  band.  The  sidebands  of  tltc  main  peak 
associated  with  disorder  are  due  to  transitic.t.s  from  filled  to  empty  states.  In 
panicular  the  small  peak  at  (£  —  ejote)  /2i/i!  -  0.6  is  associated  with  shape- 
resonance  excitations  of  the  lowest  density-of-states,peak  above  the  Fermi  energy 
from  below  the  Fermi  energy  (where  it  is  pulled  by  the  core  hole)  to  above.’ 

b)  Absorption  spectra 

At  the  A-site,  the  ab-sorption  is  relatively  weak  and  featureless  because  the  core¬ 
hole  state  has  A  character  and  the  A  character  of  the  conduction  band  is  weak 
(Fig.  3). 
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Fig.  8.  Various  calculated  densires  of  states  (DOS)  (times  2j/7D  of  a  perfect  AB  crystal;  total  DOS; 
local  DOS  at  an  A-site;  and  local  DOS  at  a  B'Site.  Note  that  the  upper  pan  of  the  valencx  band  is 
totally  A-like  and  the  lower  pan  of  the  conduction  band  is  6-like. 


At  the  B-site  (Fig.  4),  there  is  a  strong  absorption  peak  for  A'  =-  0  corresponding 
to  electronic  transitions  from  the  B-like  core-hole  level  to  the  bound  e.xciton  state 
of  the  empty  B  band.  This  excitonic..ievel  has  a  strong  B-like  character.  In 
addition,  a  higher  energy  peak  [near  (£+Ca,„)/2|)Jl  o;  l.O]  corresponds  to  transit 
tions  into  the  B  continuum.  Disorder  (x  ^  0)  merely  serves  to  add  sidebands  and- 
shape  resonance:’  to  the  spectrum., 

c)  Emission  spectra 

For  a  core-bole  at  the  A-site,  the  emission  spectra  reflect  the  Ailike  density  of 
states  of  the  valence  band,  and  exhibit  disorder-activated  sidebands.  Xhe  initial 
states  each  has  one  electron.at  theB-band  minimum  which  prefers  to  project  ohtp 
a  final-state  B-like  one-electron  orbital,  causing  the  spectra  to  e.';hibit  the  A-Iike 
character  of  the  remaining  electrons. 

However,  for  a  core-hole  at  the  B-site,  the  spectra  for  j:  »  O'  reveal  two 
interesting  features:  (i)  a  main  peak  near  £■+£«,«  s  0  corresponding  to  the 
electro."  H  the  exdtonic  bound  state  of  the  B  band  falling  into  ;he  cost  hole  and 
(ii)  a  weaker  peak  at  (£+e„„)  /2j^j  s:  —  2  associated  with  transitions  in  which 
the  core  hole  captures  an  electron  from  the  bound  stale  below  the  A-ba;;d;  its 
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Fig.  9.  The  core-hole  perturbed  densities  of  states  (times  2j^(),ai  the  core-hole  site  in  a  perfect  AB 
lattice,  for  a  core-hole  at  an  A-siic  and  a  B-sitc,  Note  that  the  core-hole  produces  twe  bound  states 
when  it  occupies  a  B-siie,  but  only  one  when  on  an  A-siie. 


small  size  reflects  the.reduced  B-like  character-in  that  state.  This  peak  disappears 
with  disorder,  which  weakens  the  bound  state  below  the  A-band.  Disorder 
activates  additional  sideband-features. 

d)  Discussion 

The  X-ray  spectra  discussed  here  exhibit  the  effects  of  final-state  electron-hole 
interactions  as  well  as  the  effects  of  disorder.  For  an  insulating  model,  the  spectra 
have  excitonic  features.  However,  no  prominent  “X-ray  edge  anomaly”'® 
manifests  itself  even  in  the  semiconducting  regime. 

One  interesting  feature  of  the  XPS  spectra  is  that  the  major  lines  are  nearly 
symmetric  —  a  feature  once  observed"  for  sodium-tungsten  bronzes  with  low 
local  state  densities  at  the  core  hole  site.  At  the  time  of  that  observation,  the  only 
available  theory  was  for  free-electron  metals,'^  which  were  predicted  to  have 
considerably  asymmetric  XPS  lines  for  the  case  of  strong  electron-hole  interac¬ 
tions  —  contrary  to  the  observations.'^  The  theory  presented  here  suggests  that 
nearly  vmmetric  XPS  lines  can  be  expected  in  systems  with  low  densities  of 
states  at  the  Fermi  energy. 


1492  M.  A.  Bowen  <£  J.  D^Dow 

In  summary,  the  X-ray  snecira  of  A,_JB|_;cB;cA^  are  rich  in'structure  associated: 
with  disorder,  but  primarily  determined  by  the  densities  of  states. 

Appendix  A  ' '  ,  _ 

Matrix  elements  of  tnc  rciaf^ed  Green’s  function  for  the  perfcv,:  AB  lattice 
between  two  A  states  in  cells  i  and  /  -f-  /i-ar&given  by 

<?AA(«rE)  =  (A,  t|G(£)!A,  /  +  n)  '■  ^ 

=  ±(E-  2,)  (a^  -  4/?^)-'"  {[a/2)?^]  { [a/2/?-]-  -  l}''-)'"' , 

where  we  have  a  =  (E  ~  '£^,{E  —  —  2]i^  and  the  lower  set  of  signs  is 

applicable  from  the  bottom  of  the  upper  band  (e^,)  td  the  bottom  of  the  lower 
band  [e^  +  £5  -  {fe  -  Saf  16y?^}''^]/2.. 

Other  matrix  elements  are  given  by 

{B,  /|G  (£)|B,  i+n)  =  [(£  -  sj/iE  -  £*)]  G,^  (n,  E) , 

(A,7|G  (£)|B,  i+n)  =  [/?/(£  -  e,)]  [G^  (n,  E)  +  (n  +!,£)], ' 

and 

(B,  i\G  (£)|A,  i+n)  =  [/?/(£  -  £j)]  [G^  {n,  E)  +  G^  (n  -  1,  £)] . 

Using  these  matrix  elements  one  may  examine  the  local  density  of  states  of 
various  defects  by  Ubing  Dyson’s  equation  G  —  Go(l  ~  ^Gq)''  .  In  particular 
new  states  outside  the  bands  nray  be  found  by  looking  for  the  zeros  of  the 
determinant  of  [r  —  VGq]  .  We  have  carried  cut  this  search  for  the  parameters 
given  and  find  that  filling  tv/o  A  site?  with  B-like  states  gives: 

Cell  spacing  Energies 

1  1.88,1.56,0.55,0.15 

2'  1.78,1.74,0.39,0.32 

3  1.76,1.76,0.36,0.36 

The  results  of  filling  two  B  sites  with  A-Iike  states  is  ju.st  the  negative  of  the  above 
energies.  Interchanging  an  A  and  a  B  state  gives: 

Cell  spacing  Energies 

1  ±1.61,  ±0.64 

2  ±1.74,  ±0.29 

3  ±1.76,  ±0.36 
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These  results  are  well  correlated  wuh  the  dorninam  features  and  concentration 

dependencenbf  the  numerically  calculated  densiiis^^  of  siaiec-* 
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ABST?J\CT 


Ve  report  theoretic..!  calcuXatitns  of  deep  levels  in  Gans/Ai,.CaT  _^,As 
superlattices  under  hydrostatic  pressure,  ’..‘c  predict  phase  diagraffis  for  ’O.Y 
sc^ncers:  for  a  given  cc.vposition  x  there  is  a  function  ?(a).  vhich  relates 
pressure  p  and  GaAs  quantuia-uell  width  a,  and  defines  a  phase  boundary 
between  two  regions:  one  in  which  DX  is  a  deep  r-ap  in  the  fundansental  band 
gap  and  another  in  which  the  DX  deep  level  lies  in  the  conduction  band. 


I.  INTRODUCTION 

ror  a  superlattice  in  which  the  crystal  structure  is  continuous  across 
the  interfaces  between  alternace  layers  of  different  semiconductors,  there 
^  no  difficulty,  in  principle,  in  calculating  the  energy  bands  and  the  deep 
inpurtty  levels  (Ij.  In  this  paper,  we  present  the  results  of  such 
calculations  for  superlattices  under  hydrostatic  pressure,  based  on  an 
empirical  tight -binding  model,  Deup  impurity  levels  are  treated  by  a  Green's 
function  method  [2],  using  special  points  to  perform  k-space  sums  »3j.  To 
account  foj  t:.8  effects  of  pressure,  we  fit  the  pressure  dependences  of 
empirical  matrix  elements  of  the  Hamiltonian  to  the  observed  pressure 
variations  of  cho  bulk  band  structures  (4J ,  Xhe  valence  band  offset  at  the 
interface  Is  treated  by  using  the  experimental  results  of  Wolford  et  al. 


In  the  present  study  we  consider  a  DX  center  in  an  ^  J^s  layer  of 
an  Ax\.Ga|^^^,AyAi.^Ga|^.^As  superratcice  (for  y  d  x),  and  we  show  that  (i) 
reducihg  thb  thickness’ of  the  AX^Ga,.^s  layer,’ (ii)  increasing  the  alloy 
composition  y;  and  (iii)  the  appllbation  of  hydrostatic  pressure  all  havf 
similar  effects  on  the  "DX”  center  {6|:  the  deep' level  is  c  iven  from  the 
conduction  band  of  .A2yGa|^__,^^ns  into  the  fundamental  band  gap.  Thus  this  work 
adopts  the  plonctjriag  viewpbinc  of  Hjalmarson  ec  al.  {7j,  chat  the  DX  center 
is  associated  with  a  substitutional  donor  (such  as  Si^^)  and  produces  a  deep 
level  resonant  with  the  conduction  band  in  GaAs,  but  the  level  can  be  driven 
into  the  fundamental  band  gap  by  either  (1)  increasing  the  alloy  composition 
i6),  increasing  pressure  (8).  or  reducing  the  thickness  of  the  layer 
containing  the  donor  (1).  The  persistent  photoconductivity  of  the  DX  center 
is  presamably  explained  by  the  weak  electron-phonon  coupling  model  of 
Hjalmarson  and  Drummond  (9,10).  U’e  shall  refer  to  this  substitutional  donor 
as  a  DX  center  hereafter,  although  many  workers  believe  the  DX  cenier  is  a 
donor-vacancy  pair  (6), 

Th,.5  paper  Is  organized  as  follows:  Section  II  discusses  the  theorv, 
while  Section  III  describes  our  results  for  the  DX  center  when  subjected  to 
a  change  of  alloy  composition  x  in  AX^Caj^^^As,  an  increase  of  pressure,  or  a 
decrease  of  the  quantum-well  thickness.  The  phenomenon  of  a  shallow-deep 
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cransicion  is  discussed,  and  che  nocion  of  a  critical  coRbination  of 
pressure  and  quancum-well  thickness  is  introduced:  for  pressures  larger  than 
this  cr5.cical  pressure  or  for  quantun-wells  thinner  than  the  critical  vidth. 
the  DX  center  uill  be  a  deep  crap  in  the  fundamental  band  gap. 

II.  THEORY 

We  begin  with  a  minimal  basis^set  LCAO-cype  model  (with  one  s-,  one 
excited  s*-,  and  three  p-orbicals  centered  on  each  atom)  and  include  only 
nearest-neighbor  interaction  matrix  elements  {11).  This  is  sufficient  to 
give  a  reasonable  description  of  the  lowest  conduction  band  as  vell^  as  the 
valence  bands  for  both  homogeneous  semiconductors  'oaAs  and  Afns  and  alloys 
Af^Ga^.^As.  Hence  the  same  type  of  Hamiltonian  should  describe  the 
GaAs/Aij.Ga^.j,As  superlactice  fl).  (Alloys  are  treated  in  a  virtual  crystal 
approximation  |12J.)  A  universal  set  of  parameters  fox*  the  Hamiltonian  is 
available  fll);  these  have  accurately  reproduced  che  band' structures  of  GaAs 
and  AfAs.  We  perform  our  calculations  for  GaAs/Afj.Gaj^^..As  superlattices 
whose  layers  arc  perpendicular  to  che  (001)  direction.  We  assume  CaAs  and 
AijjGai^^As  are  perfectly  lattice-matched  and  we  consider  K-  layers  of  GaAs 
and  No  layers  of  Afj.Gaj^^^As  repeated  periodically.  The  dimension  of  the 
superlactice  Hamiltonian  matrix  (for  a  giver  surface  wave -vector  T;  in  rhe 
plane  of  the  layers)  equals  the  nuiberof  orbitals  per  atom  times  2(Nj+No). 
The  valence  band  edge  disconcinuit.*.  which  has  some  effects  on  the  positions 
of  deep  levels  in  the  superlaccic  ,  is  chosen  to  reproduce  the  recent 
experimental  rcsul-s  by  Wolford  oc  al.  of  the  band  offset  is  in  'the 
valence  band)  {5;.  This  offset  is  incorporated  in  the  roccel  by  adding  a 
constant  to  all  of  the  diagonal  matrix  elements  of  the  Har.iltoiian  of.  Ga.A5, 
because  these  tight-binding  parameters  (11}  are  defined  with  respect  to  che 
top  of  the  valerxe  band.  The  full  Hamiltonian,  which  produces  tae 
superlactice  band  structure  as  well  as  all  s-  and  p-borded  deep  impurity 
levels,  is  given  in  detail  in  the  paper  by  Ren  et  al.  (1).  ^Wc  follow  che 
techniques  of  chat  work  and  the  theory  of  deep  levels  in  pressurized  bulk 
semiconductors  (4J  in  performing  our  own  calculacions  for  vhe  presssure 
dependences  of  the  deep  levels  in  superlattices. 

The  impurity  levels  are  evaluated  following  the  Green's  function  theory 
of  Hjalmarson  et  al.  (2),  which  solves  the  secular  equation  for  che  deep 
level  energy  E: 

dec  (1-GV)  -  0. 

Here  V  is  the  defect  potential  matrix,  which  is  diagonal  in  che  Vogl  sp^s* 
basis  (in  the  case  of  zero  lattice  relaxation)  and  has  matrix  elements 
related  to  che  defect  and  host  atomic  energies  (2).  The  Green's  function 
operator  is  G  *•  (E-H)  .  where  H  is  che  host  tight-binding  Hamiltonian 
operator  and  E  has  a  small  positive  Imaginary  part  when  E  lies  outside  che 
band  gap.  We  consider  subscicucionaX  donor  impurities  in  this  paper,  and 
they  generally  have  62^  point  group  symmetry  in  che  GaAs/AX  Ga^  As 
superlactice.  Details  of  che  calculational  procedure  may  be  found  in  Rets. 
ID  and  (4). 


The  pressure  dependences  oE/dp  of  substicucionu^  deep  point  defect 
levels  in  GaAs/Aij.Gaj,j^As  are  deduced  using  the  far**  that  che  hvdrostatic 
pressure  preserves  crystal  symmetries -while  altering  bond  lengths’  In  che 
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aodel  o£  Vogl  ec  aX. ,  the  vIXagonal  taacrix  elercencs  of  the  host  Hamiltonian  H 
and  the"^  on- sice  defect  potential  V  are  indcp^denc  of^cjianges  in  the  bond 
length,  while  the  off-diagonal  matrix  elements  of  H  depend  on  bond  length  d 
according  to  Harrison's  rule: 

where  dQ  is  the  zero-pressure  bond  length.  The  e:;?onencs  n(Q,^)  (for 
-  s ,  p,  and  s*)  are  obtained  by  fitting  the  observed  pressure 
dependences  of  the  direct  band  gaps  at  T,  X,  and  L,  and  the  indirect  gaps 
from  the  valence  band  maximum  to  L  and  X.  using  least-square  methods, 
discussion  of  the  effects  of  hydrostatic  pressure  on  bulk  electronic 
structures  of  III-V  semiconductors  is  given  in  Ref.  (4j,  Ve  use  the 
exponents  n(tt,^)  obtained  for  the  bulk  semiconductors  as  input  to  calculate 
the  pressure  dependences  of  the  electronic  structures  of  superlactice 
CaAs/AXj^Ga,  ^j^As  and  its  deep  levels. 

III.  RESULTS  AND  DISCUSSION 

In  this  section  we  assess  (i)  the  effect  of  increased  alloy  composition 
X  on  a  deep  donor  level  in  bulk  A,2j.Ga^.j^As,  (ii)  the  effect  of  hydrostatic 
pressure  on  the  DX  center,  and  (iii)*  the  effect  of  decreased  quantum-well 
thickness  on  a  DX  center  or  substitutional  point  defect  in  a  GaAs  well  of  a 
GaAs/Ai^Ga^^^As  superlattice.  Vs  cake  as  our  model  of  a  DX  center,  a  single 
Si  impurity’  on  a  cation  sice  (while  acknowledging  chat  DX  behavior  can  be 
associated  with  a  wider  class  of  donors,  including  donor  defect  complexes). 

Ve  assame  that  the  defect  potential  of  our  DX  center  produces  a  deep- 
level  with  the  property  that  the  level  descends  into  the  fundamental  band 
gap  at  an  alloy  composition  near  X“0.3  (6|  in  A-CyGa^^j,As  The  defect 

potenrlal  V  chat  produces  such  a  level  within  the  context  of  the  d«sp  level 

theory  of  HJalmarson  et  al.  is  diagonal  with  •  -1,047  eV  and 

Vp  •>  -0.844  eV,  essentially  equal  to  the  Si  defect  potential  (wichi:;  the 
theoretical  uncertainty).  The  resulting  alloy  dependence  of  that  deep 
in  i\^j^Ga^,j.As  Is  displayed  in  Fig.  1,  and  was  first  predicted  by  Hjalisarson 
(2,7],  who  also  first  provided  the  picture  of  Si  as  a  potential  DX  center  -- 
an  idea  chat  has  since  been  developed  by  Yamaguchi  also 

compared  with  data  the  predictions  of  the  Hjalmarson  theory  for  the 
dependence  of  che  OX  center  on  alloy  composition  x  and  pressure  p.  Note  chat 
this  center  undergoes  a  shallow- deep  transition.  The  ^s-like  A^-symm^,;ric 
deep  level  in  GaAs  lies  In  the  conduction  band.  Therefore  che  ground  state 
has  che  extra  Si  electron  crapped  in  a  shallow  donor  level.  But  for  x  >  0.3 
in  Aij^Gaj^,j.As,  che  deep  level  lies  in  che  gap,  below  the  shallow  donor 

levels,  and  this  deep  level  Is  occupied  by  one  electron  in  the  ground  state. 

Thus  a  second  electron  of  opposite  spin  can  be  trapped  by  the  deep  level: 
when  che  deep  level  lies  in  che  gap,  che  SI  no  longer  is  a  donor  but  instead 
removes  electrons  from  che  conducclon  band.  Thus  SI  or  che  OX  center 
undergoes  a  shallow-deep  transition  from  an  impurity  that  produces  n-cype 
shallow-donor  semlconductive  behavior  to  one  chat  is  a  deep  crap  and  leads 
CO  semi- insulating  properties.  This  sane  type  of  behavior  occurs  as  a 
function  of  increasing  pressure  for  the  DX  center  In  GaAs  (14],  and  was 
predicted  theoretically  (4).  (See  also  Ref.  (13j,)  Finally.  Ren  ct  al.  {Ij 
have  developed  a  theory  of  deep  levels  In  superlactices  which  shows  chac 
such  a  DX  center  in  a  GaAs  quantum  well  of  a  GaAs/Aij^Ga^^.^As  supe-rl,*iccice 
can  descend  Into  che  gap  as  che  GaAs  well-chlckness  a’ decreases  because  che 
deep  level  stays  relacively  conscant  in  energy  while"*  che  conducclon  band 
edge  of  che  superlactice  increases  (due  co  quantum  confinement)  as  che  layer 
thickness  decreases  --  until  It  passes  above  the  deep  level,  causing  che  OX 
level  co  lie  in  che  gap  as  an  electron  crap.  See  Fig.  2. 
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Fig,  1.  Energies  versus  alloy  compos i cion  s  in  AJSyGa|,^As  alloys  of  (i) 
Che  copduccion  band" edge^ffilnima  ac  T,  X,  and  L  (solid),  (ii)  shallow  donor 
scaces  C^horc  dashed),  and  (iii)  DX  cencer  (long  dashed),  after  Refs,  (2) 
and  (71. 
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Fig.  2.  Kluscraci'^n  of  a  shallow-deep  transition  as  the  width  of 
a  GaAs  quantum  well  decreases.  In  a  chick  well  (a)  the  deep  donor  level 
lies  above  the  conducci«.r. ‘band  edge,  so  chat  the  electron  occupies  the 
lower  shallow  level;  in  a  thin  well  (b)  the  shallow  level  lies  just 
below  the  superlaccice  conduction  band  edge  and  above  -.he  deep  level, 
which  is  occupied  by  the  electron. 
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GaAs  thickness  CA) 

Fig.  3.  Predicted  critical  pressure  versus  CaAs  quancum*well  vidch 
for  a  GaAs/A-^Q  25C3Q  75AS  well,  Here  we  have 


In  Fig.  3  ve  show  our  predictions  for  the  ''phase  diagram"  of  a  DX 
center  in  the  center  of  a  CaAs  well  of  CaAs/A^Q  25^^0  75'^^*  namely  the 
function  of  pressure  and  well- thickness  that  causes  the  A|  deep  level  of  the 
DX  center  to  coincide  with  the  conduction  band  edge.  Thus,  in  the  region 
marked  "shallow",  the  DX  Impurity  produces  a  deep  level  In  the  conduction 
band  of  the  superlattice,  and  Is  a  shallow  donor;  In  the  "deep"  region  the 
DX  center  is  a  deep  crap.  A  word  of  caution  about  the  theory;  the  general 
shape  of  the  curve  p(a),  where  p  Is  the  pressure  and  a  is  the  well 
thickness,  Is  reliable,  whereas  the  precise  values  may  not  be.  Indeed, we 
suspect  that  at  zero  pressure  the  critical  well- thickness  for  a  DX  center  to 
produce  a  deep  level  In  the  gap  Is  somewhat  smaller  chan  predicted. 
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VHEORY  OF  RAMAN  SPECTRA  Or  CORRECTED  SUBSTITUTIONAL  ALLOYS 
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A  method  for  computing  the  Raman  spectra  of  substitutional  crystalline 
III *7  alloys,  combining  Monte  Carlo  and  Recursion  methods,  is  presented 
and  applied  to  In^  3GaQ  5ASQ  ^SBq  3. 


1.  Introduction 

This  paper  describes  a  simple  metjiod  for 
computing  Raman  scattering  spectra  for 
substitutional  crystalline  semiconductor  alloys 
with  correlations  between  atoms  occupying 
neighboring  sices.  Most  theories  assume  that 
such  alloys  are  random,  and  omit  correlations 
between  the  atoms  on  neighboring  sices:  The 
probabilities  of  having  different  types  of  atoms 
on  a  given  site  depend  only  on  the 
concentrations  of  the  constituents  and  not  on 
the  types  of  atoms  on  neighboring  sices.  In 
reality,  however,  alloys  often  have  a  tendency 
to  cluster  and  form  regions  with  preferential 
bonding.*  For  example,  ,Is lam  and  Bunker  (1)  have 
recently  observed  preferential  Ga-As  and  In-Sb 
bonding  in  alloys;  as  a  result, 

the  fraction  of  '  Ga-As  bonds  differs 

significantly  from  the  random  value  xy,  VI th  the 
Increasing  technological  importance  of  III*V 
ternary  and  quaternary  r4lloys  ••  alloys  chat 
exhibit  different  amounts  of  clustering  and 
correlations  for  different  growth  conditions  *• 
it  has  become  Important  to  develop  a  theory 
capable  of  predicting  the  electronic  and 
vibrational  properties  of  correlated  alloys. 
Such  a  theory  is  needed  especially  for  phonon 
spectra,  which  ur.iiV.e  electronic  spectra  are 
normally  persistent  (2)  or  cwo^modc  |3)  in 
chara.ter,  and  most  often  are  not  well 
approximated  by  a  virtual  crystal  approximation 
(which,  with  few  exceptions  |4«6),  proviw.iS  an 
adequate  dejtt.riptlon  of  the  electronic  states 
near  the  fundamental  band  gaps  of  common 
semiconductors) , 

In  this  paper,  we  present  such  a  theory  of 
phonons  in  Inj,j.Gaj,ASySbn  the  theory  has 
three  distinct  elements.  (1;  the  determination 
of  an  8,000»atcira  cluster  of  atoms  that  has  the 
desirvi  nea^'cst- neighbor  correlations,  (ii>  the 
appro:  *  *.acion  of  the  Raman  spectrum  by  an 
appr'.priace  projected  density  of  states  of  the 
alloy  [7],  and  'lii)  evaluation  of  this  density 
of  states  for  the  alloy  using  the  recursion 
method  (8|  and  a  Born -von  •  rman  model  of  the 
lattice  vibrations  17.9*12i. 

2.  Correlations 

The  first  cask  in  developing  our  cheiiry  of 
correlations  is  to  determine  the  site 

*  Present  address:  School  of  Physicr  Georg: f 

Institute  of  Technology,  Atlanta,  CA  30332. 


occupations  of  a  large  £,000*atom  cluster  such 
that  the  cluster  has  the  desired 
nearesc-nelghbor  correlations,  Ve  place  atoms  Ga 
or  In  on  cation  sites  (with  probabilities  x  and 
l-x,  respectively)  and  As  or  Sb  on  anion  sites. 
However,  constructing  a  cluster  wish  the  desired 
nearest ‘neighbor  correlations  is  somfwhat  more 
difficult  than  creating  an  uncorrelaced  cluster. 
In  the  case  of  an  uncorrelaced  cluster,  one 
merely  deposits  atoms  on  sites  with  the 
prescribed  probabilities,  using  a  random  number 
generator  to  determine  which  atom. occupies  a 
given  site,  However,  if  this  approach  were 
applied  to  create  a  correlated  cluster,  the 
correlations  In  different  parts  vf  the  cluster 
would  be  different:  when  putting  down  the  first 
atom,  none  of  its  neighbors  is  know';^;  when 
depositing  the  second  atom,  at  m.o£t  one  of  Its 
neighbors  is  known*,  and  so  on,  until  all  of  the 
neighbors  of  the  last  atom  are  known.  As  a 
result,  higher-order  correlations  are  present 
which  depend  on  the  sequence  in.  which  tne  sites 
are  occupied. 

To  circumvent  this  problem,  ve  employ  a 
four- component  Ising-like  model  of  the  cluster, 
and  apply  the  standard  Monte  Carlo  procedure 
(13,14)  to  solve  the  model  for  an  alloy 
configuration  with  the  desired  average  alloy 
composition  and  nenrest-neig,.bor  correlations. 
The  energy  E  of  the  configuration  Is 

E/(kgT)  -  S(R,R.j  J(R.R*)  +  ^  h(R), 

where  we  have  h(R)  «  H^  if  ato.T,-tYpe  u  is  at 
site  R,  and  j^R,R*)  -  If  atom-type  p  Is  at 
R  andjA  is  at  R* .  (Here  J^  Is  tero  unless  R 
and  R'  are  nearest-neigfioers. )  The  nurbers  H^^ 
and  ^  are  Independent  pai  .weters  which  can  be 
adjusted  to  provide  the  desi::d  nearest-neighbor 
correlations.  The  probabll.ty  o£  a  given 
8,000-ato.*n  alloy  configuration  is  proportional 
CO  exp  (-E/kgl),  Examining  the  above  express  on 
f^r  E,  ve  see  chat,  if  we  change  a  singK  ..tom 
in  the  configuration,  the  proballiity  chat  the 
new  atom  is  of  type  v  depends  only  on  chat  atom 
and  its  four  nearest -neighbors,  through  and 

Our  procedure  is  to  ti^sc  solve  this 

I  sing- like  model  (assuminr,  values 
H^)  for  an  f^qui  librium  Alloy  configuration, 
using  ordinary  Monte  Carlo  cecL*^tques  [14),  and 
then  to  adjust  the  pakatu^tbrs  *and  by 

trial  and  error  jIS]  until  ve  find  an 

equilibrium  configuration  with  the  desired 
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nearest-neighbor  corrections.  As  usual,  .enough 
iterations  of  the  Monte  Carlo^  scheme  arc 
performed  to  achieve  convergent  values  of  the* 
average  alloy  compositions  x  and  y  and  the 
nearest-ncighhor  correlations  and  the 

results  are  independent  of  the  initial 
configuration  and  detailed  method  of  relaxation. 
Here,  for  example,  ^5  is  the  fraction  of 
GaAs  bonds  ( 16) . 

For  the  quaternary  alloys  considered  here,  we 
assume  that  only  Ga  and  In  atoms  occupy  cation 
sites,  and  only  As  and  Sb  occupy  anion  sices  of 
a  zincblende  lattice.  This  iondition  is  achieved 
in  all  configurations  by  choosing  the  initial 
configuration  to  satisfy  it,  and  by  caking 
'^cation, cation  '^anion, anion  infinite. 

The  net  result  of  the  Monte  Carlo  procedure  is 
a  single  final  cluster  configuration  chat  has 
the  desired  average  composition  and  nearest- 
neighbor  correlations.  If  the  correlaciqns  are 
sc  strong  chat  there  is  considerable  clustering, 
a  single  8,000-acom  cluster  may  not  mimic  the 
real  alloy  sufficiently  veil,  and  it  may  be 
necessary  to  generate  an  ensemble  of  such 
clusters ,  In  such  a  case ,  the  calculations 
described  below  would  be  repeated  for  each 
cluster  and  then  ensemble -averaged, 

3  Raman  Spectra 

An  explicit  expression  for  the  intensity  I(w') 
due  CO  Raman  scattering  of  light  into  a  solid 
angle  df)'  is  derived  in  detail  in  the  textbook 
of  Born  and  Huang  (7|.  In  particular,  they  show' 
chat  only  the  electronic  portion  of  the 

polar  .tablllcy  is  relevant  to  Raman 

processes  (17).  This  contribution  should  be  very 
similar  on  all  cation  (anion)  sices,  since 
different  III  (V)  elements  are  eleccrs,“,ically 
similar.  Therefore,  to  a  good  approximation 
in  a  zincblende  crystalline  alloy  will  be  the 
same  and  have  the  same  synunetries  as,  P^^ 

for  a  pv.re  tlncblende  crystal.  Moreover,  only 
the  terms  Pi^  of  first  order  In  the  dislacetr'incs 
u^  are  needed  for  lowe/^c-order  Raman  scattering. 
These  terms  can  be  written  simply  in  terms  of 
their  decomposition  into  displacements  u^(n,a) 
at  individual  sices  in  cell  n,  and  atom  o  (18) 
as 

In  the  zincblende  structure,  there  are  two  atoms 
per  cell  (o-l,2)  and,  from  cranslarional 
symmetry  (19),  they  roust  have  Pij.  ^  that  are 
equal  in  magnitude  and  opposite* in  sign.  The 
form  of  ^  is  determined  largely  by  the 

symmetry  or  the  crystal.  The  Raroan-allo‘.ed  modes 
and  corresponding  forms  of  P,».  ^  for  various 
crystal  structures  have  been  tabulated  by  Hayes 
and  Loudon  (20].  Fcr  the  zincblende  scructur*e 
(symmetry  2*3m),  one  finds  that  the  only 

Raman-active  optical  mode  is  Fj  and  the 
corresponding  terror  Pij.  ^  has  components  Pq  (an 
unknown  constant)  whenever  j,  k,  and  f  are  all 
different,  and  zero  otherw'ise. 

Born  and  Huang  (21)  show  that  the  Raman 

scattering  intensity  at  tea  -‘racure  T  for 
one-phonon  absurptlon  (i.e.,  tne  lovest-order 
anci-Scokes  process),  in  terms  of  the  creation 
and  annihilation  operators  E  and  £*  for  the 
incoming  photon  of  er  ’-rgy  and  the 


polarization  vector  7  of  the  outgoing  photon  of 
energy  Mu;*  .  is 

K.-')  -  («V2^c2)  e,;e;;;. 

where  we  have 


PjU(A)Pi„(A) 

Mk  Xm  "*  . . 

^  *  (2u;^|(exp(Xw;^/kgT)  -  1) 

Here  P^y.(X)  is  the  projection  of  the 
polarization  censor  discussed  abov.  onto  the 
A-th  eigenstate,  of  frequency  i22^.  Using  the 
form  of  Pzj.  discussed  above,  the  scattering  is 
independent*'  of  direction  and  polarization, 
except  for  an  overall  scale  factor,  so  the 
results  can  be  discussed  without  reference  to 
the  crystal  axes. 

4.  Recursion  Jlechod 

The  preceedlng  discussion  demo*  ^crates  that 
the  Raman  spectrum  is  simply  related  to  the 
projection  of  the  vibrational  density  of  states 
onto  the  polarizability  censor  (22),  For  a 
disordered  alloy,  there  is  no  way  to  determine 
this  density  of  states  exactly,  However,  ihc 
recursion  method  (8)  provides  a  simple,  fast 
method  to  obtain  approximate  solutions 
numerically  for  a  large  cluster,  In  fact,  what 
it  really  provides  Is  not  a  total  density  of 
states,  but  the  projected  density  of  states  onto 
a  given  state.  Thus  the  method  Is  Ideal  for 
calculations  of  the  Raman  sc'^ttcring,  with  the 
projected  state  the  polarizability  censor  found 
above  (22).  The  resulting  calculation  is  really 
just  a  spectral  density  of  states  computation, 
and  the  detailed  method  of  application  of  the 
recursion  technlc^ue  to  such  problems  has  been 
discussed  by  Davis  (6), 

The  phonon  states  are  modeled  by  a  simple 
Born-von  Karman  model  with  first-  and 
second-neavest-neighbor  force  constants;  i,e., 
by  the  eigenvalue  equation  for  the 
eigenfrequencies 

u(n,<7)  - 

.0’ ) .  [^(n'  .o' ) ) . 

Here  the  F*s  are  taken  to  be  the  most  general 
force  constant  matrices  consistent  with  the 
point  group  symmetry  of  atom  n,a,  and  M^n.a)  is 
its  .Tass.  The  force  const.int  matrix  contains  two 
independent  parameters  for  nearest -neighbors , 
and  three  for  second-nearest-neighbors  (9-121, 
There  are  no  long- ranged  forces  In  this  model, 
and  so  t.ne  usual  Lyddane-  ichs -Teller  splitting 
of  the  longitudinal  and  r:.'»nsverse  optical  modes 
at  zero  crystal  moment  jn  var  shes.  Following 
earlier  work  ;il,121,  we  use  thi*  force  constants 
of  Ga.As  and  treat  the  alloy  dls(*rder  as 
occurring  exclusively  ir  the  mass  matrix. 

5.  Illustrative  Results  and  Conclusions 

The  calculated  one-phonon  absorption  Raman 
spectrum  for  Ipq  5^‘^0  *^^0  5 
temperature  is  plotted  in'Fir  ..  three  curves 
are  displayed,  correspond! i i  to  three  possible 
correlations.  The  throe  poa*. .  n  the  curves  are 
cue  to  In-Sb  (heavy-hca*.^/ .  In-As  and  Ga-Sb 
(hca‘.7‘- light) ,  and  Ga-As  (light- light)  bends. 
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Fig.  L.  Theorecical  Ransan  specrruin 
for  anci-Scokes  scaccering  ac  roon  cemperatu'r^ 
in  Ihq  :;GaQ  :A:;.j  5SbQ  5.  The  chained  curve  is 
for  Ga  and'\5  nearesc-neighbors  25%  of  the  tine 
(i.e.,  ro  correlations) ,  the  solid  curve  3^%, 
and  the  dashed  curve  16 5. 


respect. ’*ely.  The  dotted  curve  corresponds  to  no 
correlations;  i.e.,  the  allowed  types  of  atoms 
are  placed  randomly  on  each  site.  The  solid 
curve  corresponds  to  more  Ga-As  and  In-Sb  bonds, 
and  the  corresponding  peaks  are  higher  while  the 
central  one  is  lower.  (This  is  the  actual 
situation  according  to  the  extended  x-ray 
absorption  fine  structure*  experiments  (1).)  The 
dashed  curve  corresponds  to  more  In-As  and  Ga-Sb 
bonds ,  and  shows  a  higher  central  peak  and 
reduced  side  ones.  This  is  qualitatively  as 
expected:  the  area  under  any  given  peak  is 
roughly  proportional  to  the  number  of  bonds  of 
the  corresponding  type(s),  as  is  true  for  the 
correrponding  peaks  i:  the  density  of  states. 

However,  the  relative  areas  under  different 
peaks  depend  quantitatively  on  a  namber  of 
factors,  and  differ  markedly  from  the 


ccrrcspondlng 

areas  for  the  density  of  st 

ates 

curves.  First, 

there  are  various  teaks  in 

the 

density  of 

states  (at  lower  energies. 

in 

particular)  that  are  Raman  forbidden  and  do 

not 

show  u?  at  all 

in  the  Raman  spectra.  Second, 

the 

relative  areas  under  different  peaks 

are 

affected  by 

the  ra“io  of  the  phonon  energy  to 

the  temperature.  Third,  the  relativ'e  areas 
depend  on  the  projection  of  the  states  onto  the 
optical  state  of  zero  crystal  momentu.*3.  This 
depends  primarily  on  the  ratio  of  the  peak 
separation  to  the  optical  band-width  (of  the 
pure  raacerial),  and  explains  the  redu-tion  in 
size  of  the  lower- frequency  peaks  [2!, 

These  considerations  are  important  in 
attempting  to  determine  the  near- neighbor 
correlations  from  Raman  data.  Until  now, 
experimentalists  have,  in  the  absence  of  any 
theorecical  calculations  for  cemrarison,  tried 
estimate  the  nu;rber  of  nearest -neighbors  of 
diffurenc  atomic  types  by  comparing  the  areas 
under  the  different  pi'aks.  Vhile  this  provides  a 
correct  order-of -magnitude  estimate  of  nu.?bers 
of  neighbor  pairs,  it  ignores  the  factors 
discussed  above  and  therefore  does  not  provide 
accurate  estimates  of  these  correlations.  The 
techniques  described  in  this  paper  can  be  used 
to  determine  quantitatively  the  Raman  spectra 
for  various  correlations.  These  can  then  be 
compared  with  experimental  results  to  allow  an 
accurate  determination  of  the  actual 
correlations  (23). 

The  present  approach  allows  one  to  determine 
the  effects  of  clustering  and  correlations  on 
the  Raman  spectra  of  III-V  alloys,  and  can 
easily  be  generalized  to  predict  densities  of 
states  and  spectra  of  a  variety  of  ocher  alloys. 
The  method  is  not  restricted  solely  to  the 
treatment  of  vibrational  properties  or  to  III-V 
alloys,  but  is  generally  applicable  to  a  wide 
range  of  problems  in  many  different 
substitutional  crystalline  alloys. 
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Studies  crelecirochemicailv  erched  (uncsien  scanning  t unneling  microscope  tips,  using  scanning 
electron  microscopy,  show  ihai  (i)  the  tips  are  often  convolved  or  bent  if  the  mass  of  me  tungsten 
wire  .submerged  in  the  etchant  is  large  (an  effect  ascribed  to  surface  plastic  fiow),.(ii)  bent  ;ip> 
nevertheless  often  produce  good  quality  scanning  tunneling  microscopy  images  of  Au  films  in  air. 
but  (iii)  tips,  once  crashed  ciumsiiv  into  the  Au  films,  no  longer  produce  images. 


L  INTRODUCTION 

In  an  ideal  .scanning  tunneling  microscope,  electron  tunnel¬ 
ing  occurs  between  the  surface  being  studied  and  a  single 
atom  at  the  end  of  a  sharp  tunneling  tip.  In  practice,  it  is  rare 
to  prepare  tips  even  resembling  the  sharp,  single-atom  ideal. 
Often,  in  order  to  obtain  scanning  tunneling  microscope  im¬ 
ages  from  layered  compounds.  )ne  must  first  crash  the  tung¬ 
sten  tip  into  the  surface.  This  initial  crash  very  likely 
“spears”  a  layer  of  the  material  being  studied,  ul  ich  then 
can  act  as  a  tunneling  tip.  For  example,  scanning  tunneling 
micro.scopL  studies  of  layered  compounds,  such  as  graphite, 
using  tungsten  tips  suggest  that  the  “tip”  may  in  reality  be  a 
layer  ofgrapliite  stuck  on  the  tungsten.* '  Colton  (7  a/.*  and 
Mizes  and  Harrison*^  have  shown  rather  dramaticall\  that 
many  of  the  different  im.nges  reported  for  graphite  surfaces 
can  be  obtained  by  having  more  than  one  atom  acting  as  a 
tunnelihg  site  In  III-V  semiconductors,  Feensira  and  Fein** 
have  sliown  that  images  of  defects  on  the  GaAs  (110)  sur¬ 
face  depend  on  the  character  of  the  tip  as  much  as  on  the 
defect.  Biegelsen  ct  aL^  ha^e  published  studies  l  f  tip  struc¬ 
tures  and  hiw  e  found  that  ion  milling  improves  the  sharpness 
of  a  tip,  removes  oxide,  and  enhances  the  tip’s  reliability. 
Clearh  the  role  of  the  tip  and  its  geometrv  in  forming  scan¬ 
ning  tunneling  microscope  images  is  incompletely  unt.cr- 
siood. 

In  this  paper,  wc  report  some  elementary  studies  of  tung¬ 
sten  scanning  lunneliin.  tnicroscope  lips.  These  include  stud¬ 
ies  of  scanning  electn.n  microscope  images  of  tips,  the  de¬ 
pendence  of  lip  gcvuneirw  on  tip  eiciimg  and  growth 
coiidiiions.  and  the  quaiiiy  of  scanning  tunneling  micro¬ 
scope  images  obtained  from  each  lip  As  i  ur  touchstone  of 
comparison,  w’e  use  images  of  .A.u  films  in  air.  Surface  Au 
atoms  have..  Iiigh  mobility,  forming  nearl\  planar  surfaces, 
and  the  siep.s  on  these  sarfaces  are  easily  visible  with  our 
microscopy.  We  us.  Au  ratiier  than  graphite  as  our  standard 
because  giaphite  layers  arc  too  easih  peeled  from  the  sur¬ 
face  We  find,  not  surprising!),  that  oiuc  oar  tips  cr  \>\i  into 
the  sprfac’*  of  unles*  the  eras!,  is  .  aihcr  gentle/’  the  tips 
no  longer  produce  good  images:  how^ever,  we  also  find  that 
lip  geometry,  as  observed  with  a  scanir;  g  ele^rron  micro¬ 


scope,  can  be  a  deceptive  predictor  of  scanning  tunneling 
microscope  image  quality.  In  paiiicular,  some  lips  can-be 
terribly  “bent”  or  convolved  geonetricalh  yet.proauce 
rather  good  images. 

II.  TIP  PREPARATION 

Each  tip  was  prepared  b\  placing  se\cr.d  millimeters  of 
the  lower  end  of  a  tungsten  wire  f  0.025  in.  Oiameter)  into  an 
aqueous  IM  NaOH  etching  soiution  and  applying  a  12-*^' 
potential  10  the  tungsten  wire  ^wuh  respect  to  a  stainless- 
stee!  electrode  inserted  into  the  soi»%  -i: ; .  The  etch  w as  con¬ 
tinued  until  the  submerged  portion  o.  the  wire  aiopned  off 
into  the  lath.  lea\ing  the  usable  up  suspended  near  the  h- 
quid/air  iiuerface.  B\  elecironicalK  monitoring  theetc.ung 
current ' i>oicall\  iOmA>  wiihacompaiatorwiicuu.  li.,  12- 
V  potemi.il  was  .sInn  oil  when  the  wi;c  s;.pa:.ucd.  This  pre¬ 
vented  furiher  ei^ning  of  the  tip.  After  the  Nenarauon.  the 
etch  \oliage  was  pulsed  “ui  ”  for  1  s.  to  remove  an\  irregu¬ 
larities  at  the  end  of  the  tip. 

In  order  to  preve.nl  unnece$sar\  c'chi  g.  we  coveted  a 
large  portion  of  the  w  ir^.  submeiged  m  the  N.’lution  w  iti<  Tef¬ 
lon  in^uIatio^.  This  kept  the  cuiie:)i  cicnMi>  in  the  etching 
region  approximate!)  constant  and  permitted  oeiter  deier- 
min.aion  of  the  mass  of  the  submerged  poiuon  of  the  wire 
(for  correlation  of  tip  shape  witii  me  mass  of  the  submerged 
portion,  see  below). 

Ii:.  SCANNING  ELECTRON  MICROSCOPE  IMAGES 

The  lip  .hat  we  etched  gLnci..iiv  cxiubued  near!)  ,  po- 
n.mial  shapes  (Fig.  I).  rather  th.m  it^e  ne.irl)  par..*H)iic 
.shape'*  reported  b)  some  authors."  e  find  m.it  this  expo- 
nenii..;  ^hape  Ksulls  w  hen  the  cm  rent  iand  hence 

the  i»,..wtion  ra.e)  is  high.  We  have  ob,>ervcd  tii.a.  wnii  a 
lo:iL\r  lengtli ;  f  w»:e  i  -  1  cm  or  mou  exposed  lite  el- 
chant,  ilic  pioliieo.'thc  up  tern  Jed  lobei.i-me  moie  p..  -  'olic. 
Wc  have  also  ft  vind  that  moie  naraboh^  shapes  result  from 
electrochemical  etching  vMth  ..hernaiiiij.  rather  tfum  direct 
current. 

A  number  of  our  up>  hud.  in  add*  iv>r.  lu  ihe  ncarlv  expo- 
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Fig.  I.  Scanning  clcciron  microscopcjmage  of  a  poinicd  lungsisn  up  TJhc 
Up  was  cichcd  m  an  aqucou^  NaOH  solauon.  Noie  ihe  lOO-pm  scale, 

; 

neniiai  overall  shape,  highly  convolved  or  benf  points  (Fig. 
2),  although  such  tips  had  never  been  allowed  contact  with 
any  surface.By  carefully^conirolling  the  etchingxondiiions, 
we  learned  that  such  bent  points  lend  to  occur  when  the  mass 
( length ).of  the  tungsten  wire  in  the  etchant  is  large,  a  condi¬ 
tion  indicative  of  (i)  plasuc  flow  of  the  tungsten  wire  as  die 
tip  is  formed  and  (ii)  some-recoil  of  the  lip  at  the  instant  of 
tip  formation,  when  the  wire  m  the  etchant  drops  off. 

Just  before  the  bottom  portion  oi  cheAvire  separates,  plas¬ 
tic  flow  occurs  at  the  narrowest  region  of  the  wire  when  the 
stre.s<^  induced  by  the  wire’s  weight  greater  than  the  yield 
stress.  Rough  estimates  indicate  that  the  weight  of  several 
millimeters  of  tungsten  wire  in  the  etchant  bath  is  sufficient 
to  allow  plastic  deformation  at  a  necking  diameter  of  about  1 
/im.  Furthermore,  ox  .mechanical  energy  siored  in  the  neck 
region  of  the  stretched  tungsten  \%ire  is  released  when  the 
wire  separates.  This  energ\,  although  perhaps  an  order  of 
magnitude  too  small  to  plastically  deform  the  entire  volume 
of  the  thicker  portion  of  tlie  w  n  c,  is  nevertheless  sufficient  to 
deform  small  surface  regions,  leading  to  tip  recoil  and  bend- 


Fic;.  2.  Scanning  clcci.  mienwcopc  image  i*.  it  CDiuoriccI  or  bem  lung^ien 
lip.  The  conioriion  uoi  duo  lo  iho  up\  h.*\  lug  boon  ci ashed,  bui  railicr  is 
due  10  Up  deformauoii  during  ou  hnsg.  Such  beni  ups  occur  when  a  largo 
m.iss  ol  wire  is  subinoigcd  in  iho  oich.ini  and  are  ascribed  lo  locoil  afior 
fravlure  resulung  from  pl.isuw  dolorsn  non.  Noic  the  K)*//m  stale.  Note 
also  the  “din"  on  ihe  up.  residual '  .» ")M. 


Fig.  a.  Scanning  lunncling  microscope  image  ofa  Au  film.  laKc.^.  using  the 
up  of  Fig.  1.  This  isa  tunneling  current  image  over  a  150.^.  1 50. A  area  of  the 
film.  Comparable  quality  images  are  obtained  with  both  pointed  and  bent 
tips,  provided  the  lips  have  not  been  crashed. 


ing,  with  the  yield  stress  apparently  being  e.xceeded  locally  at 
certain  surface  regions. 

The  possibility  of  plastic  flow’  playing  a  role  in  the  forma¬ 
tion  of  tips  has  been  raised  previously  by  Muller  and  Tsong/ 
but  those  authors  ascribed  the  tip  bending  to  the  action  of  gas 
bubbles.  We  virtually  eliminate  such  bubbles  by  usmg  a  di¬ 
rect-current  etch  (alternating  current  produces  many  bub¬ 
bles),  but  still  obtain  bent  lips  w'hen  the  conditions  of  signifi¬ 
cant  plastic  flow  are  met. 

IV.  SCANNING  TUNNELING  MICROSCOPE  IMAGES 

Surprisingly,  the  bent  or  convoKed  lips  often  produced 
decent  scanning  tunneling  microscope  images — of  compara¬ 
ble  quality  w iih  images  prodc  xd  bv  “poin./d"  lips,  such  as 
the  one  in  Fig.  3.  Subjective!},  the  pointed  tips  ma}  have 
produced  slightly  sharper  scanning  tunneling  microscope 
images,  but  the  variation  of  image  qualit}  for  various  point¬ 
ed  lips  w’as  comparable  wiili  ilie  differences  between  images 
for  pointed  and  bent  tips, 

In  contrast,  tips  that  were  crashed  clumsily  into  the  sur¬ 
face  no  longer  produced  images.  '  Controlled  and  gentle 
crashes,  however,  car  leave  the  ups  capable  of  forming  sub¬ 
sequent  images.^') 

V.  CONCLUSIONS 

Thus  we  conclude  ihui  the  best  tungsten  tips  are  formed 
when  on!\  a  small  portion  of  the  wire  is  suspended  in  the 
etchant,  and  u  at  the  sharpness  of  a  ttp  on  the  —  iO-^m  scale 
of.  scanning  electron  microscope  image  may  not  be  a  good 
indu.iior  1  flip  imaging  qualit  \ .  Nev  enhc!e.>s,  as  a  maiier  of 
good  e.vperimenial  practice,  bent  tips  should  be  avoided,  and 
so  onlv  a  small  portion  of  the  tungsten  wire  should  be  sub¬ 
merged  during  the  etching  piocc.ss. 
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The  electronic  structures  of  InN,  In;fGa,-;tN,  and  In;fAl|_;fN  are  predicted  and  these  materials 
are  found  to  be  dircct-band-»zap  semiconductors  with  fundamental  band  gaps  ranging  from  orange 
through  the  blue-green  to  the  ultraviolet.  The  deep  levels  as’  ociaied  w:th  substitutional  5-  and  p- 
bonded  impurities  are  predicted,  and,  for  !nK  we  find  (i)  that  the  native  defect  responsible  for  natu- 
rali\  occur^^'lg  /;-type  InN  a  nitrogen  vacancy  (not  N|„);  (ii)  that  the  iii.rogen  vacancy  also  pro¬ 
duces  a  deep  level  just  below*  liie  conductior.-  band  edge,  which  is  iv  ponsibic  for  an  observed  0.2-cV 
optical-absorption  feature:  (iii)  that  p-'y'pe  doping  should  be  achi  .able  by  inserting  column-II  im¬ 
purities  on  In  sites;  (iv)  that  n-type  conductivity  should  result  from  oxygen  atoms  o.i  N  sites;  (v)  tliat 
In;\*  produces  s-  and  p-like  deep  levels  near  midgap  that  are  responsible  for  an  optical-absorption 
feature  near  1  eV;  (vi)  that  column  impurities  on  either  anion  or  cation  sites  will  tend  to  make 
the  material  semi-insulating,  and  (vii)  th-^t  an  isoelectronic  electron  trap  should  be  produced  by  B|n, 
whereas  column-V  impurities  on  the  N  site  should  produce  deep  isoelectronic  hole  traps.  Similar 
results  hold  for  the  alloys  In;jGa|-.;tN  and  InjjAii_;rN.  Some  impu  'ities  undergo  shallow-deep  tran¬ 
sitions  in  the  alloys,  as  functions  of  alloy  composition. 


1.  introdl:ctio> 

High-inobility  InN  has  recently  been  grown  in  a  poly- 
crystalline  he.xagonal  str;  ciurcJ  ”  The  band  gap  of  this 
material  is  diicct  and  the  optic;’l  absorption  threshold  lies 
in  the  oiangc  portio..  of  ihv.  visible  spectrum  (the  band 
gup  plus  the  Burs^ein  shift  is  2.05  eV).  This  is  an  exciting 
experimental  r-  uii  for  at  least  two  reasons,  (i)  the  high 
mobility  suggests  that  electronic-grade  material  may 
e\eimx‘Ily  b^  laoricated,  anc!  (ii)  the  orange  color  indi 
cates  that  InN  and  alloy'*  based  on  InN  could  be  candi¬ 
dates  for  efficient  semiconducting  large-band-gap  visible- 
light  emitters  and  lasers.  Until  now  much  of  the  em¬ 
phasis  OP  developing  large-band-gap  visible  solid-state 
ligh:  emitters  has  focused  on  Il-Vl  compound  semicon¬ 
ductors,  materials  that  in  many  cases  have  proven 
difficult  to  dope  both  n  type  and  (especially)  p  type^  and 
hence  do  lu  :  foim  good  diodes,  niwch  less  light-emitting 
diodes.  The  origin  of  the  II-VI  compound  doping  prob¬ 
lem  is  often  ascribed  to  *\self-compensaiion'' — common 
dopants  purportedly  l  istort  off  site  and  produce  accom¬ 
pany  iiig  Vus^ancics  winch  Lompcnsaie  theni/  ll  is  widely 
believed  that  such  self-comneusarion  problems  do  not 
plague  ni-N’  compound  "cmiconduciors,  and  so  the  ex¬ 
istence  ofihe  isoanionic  semiconductors  InN,  GuN,  and 
AIN,  all  V  ilh  large  band  gaps  [2  eV  lorangei,  3.5  eV  lul- 
travioleil,  and  6  eV  (ultra violet),  rc.spectiveiy),  raises  the 
possibi'iiy  of  fabricating  alloys  whose  band  gaps  range 
from  ilie  orange  to  the  ‘ultraviolet. 

.Assuming  that  the  problem  of  growing  electronic- 
g'’ade  material  can  be  solved,  there  \v;ii  remain  five  muy  v 
criteria  that  the  material  must  meet,  d  the  band  gap 
must  he  the  Jesired  color  (orange,  !)iue,  etc.);  (ii;  the  Land 
gap  must  he  direct  so  that  the  Lryslal-momentum  selec¬ 


tion  rule  governing  light  emission^  will  be  satisfied;  (iii) 
the  material  must  be  crystalline  and,  if  it  is  an  alloy,  must 
be  relatively  si.ain  free — because  large  strains  produce 
dislocations,  and  dislocations  tend  to  quench  luiT*incs- 
cence  (as  well  as  tra|  and  scatter  carriers  and  degrade 
mobiliiy);^’^  (iv)  the  materials  must  oc  relatively  fret  of 
deep  levels  in  the  band  gap  that  might  trap  electrons  or 
holes,  leading  ic  enhanced  nonriu.iative  transition  rates 
and  luminesc.mce  degradation,  and  (v)  ^chemes  for  dop¬ 
ing  the  material  botli  n  and  ;  type  must  be  found.  The 
purpose  of  this  paper  is  lo  piovide  iheoreiica!  guidance 
concerning  these  five  issues,  in  the  hope  of  stimulating 
efforts  TO  grow  electronic-grade  InN  and  !nN-based  al¬ 
loys. 

In  Sec.  II  we  discuss  the  band  structures  of  (vvurtzilc 
InN  and  alloys  of  InN  and  GaN  and  .AIN.  W'e  show  that 
these  alloys  can  be  described  by  the  vi  lual-crystal  ap¬ 
proximation,  have  dire^.(  band  gaps  tha4  .augc  fjom  the 
oral  go  to  the  ultraviolet,  and  should  be  iclaiivciy  strain 
free  because  they  are  moderately  well  lattice  matched.  In 
Sei  III  we  discuss  the  deep  levels  a.ssociated  with  ,v-  and 
/>-honded  substitutional  impurities  in  InN.  with  nariieu- 
lar  emphasis  on  th.  native  def  ^:s  (i.e..  .acancie.'  and  aii- 
lisiie  defects)  and  the  dopiinis  from  columns  11,  IV,  and 
\  ]  of  the*  Periodic  lable.  Seclii.n  IV  is  vievoicd  (  i  a  eoni- 
parable  discussion  for  the  alloys.  Out  conclusiun.'>  «ire 
summa.izod  in  Sec.  V. 


II.  BAND  STRUCTURES 

The  band  structures  are  obtained  using  a  nearest- 
neighbor  tight-binding  model  of  the  electtonic  siiuctuies, 
based  on  the  Siater-Koster^  theory.  The  tc^uiimg  Hamil- 
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for  b  —a  or  c  (anion  site  or  cation  site).  The  off-diagonal 
matrices  are  H,,3=g,(k)A/,,3,  =?2(k)A/;  4,  and 

H\^4=giik)M ,  4,  whei .  is 


IP;c.4)  ip^,4) 

-rjU'{s,x)  -flU'{s,x) 

-f\U'(z,A  -r-U'M 

-r{U'[x,s)  -f\U-(x,z)  nTnx,x)+fX[U'(x,x)  +  U'{y,y)]  r-[U'(y,y)-U'{x,x)]/l 

-flU'{x,s)  -flU'ix.z)  ft[U'{y,y)-U’{x,x)]/2  U'{y,y)r, +fX[U'(x,x)+ U'{y,y)]/2 


k4)  1^4,4) 

f^U'{s,s)  foU'{s,z) 
foU'{z,s)  foU'{z,z) 


IPx.4)  Ip3„4) 

fiU'{s,x)  f-U'{s,x) 

fiU'(z,x)  f-U'{z,x) 

f^U'{x,s)  f^U'{x,z)  fQU'{x,x)-rf+[U'(x,x)-TU'(y,y)]  f.[U'(y,y)-U'Lx,x)]/2 

f-U^{x,s)  f.U'{x,z)  f_[U'{y,y)-U'(x,x)]/2  U'{y,y)fy+f^[U'(x,x)^U'iy,y)] 


and 

g,(k)=  exp[i(-/:jfl/3+,';, a 73  +  ^30/8)]  , 
g2(k)=  exp[/(/:|a/3-k2a/3  +  k3c/8)]  , 
g3(k)=  exp(-/3k3c/8)  , 

/{)(k)=  exp(  +/k,fl  )+ 1  +  exp(  — /k,a )  , 

/i(k)=  6xp(  +  ik^a)  —  [  1  +  exp(  — )]/2  , 

/4.(k)  =  2[l+exp(-iA:;a)]  , 
and 

Here  we  have  k=/:,b,  +  A:2b2  +  /:jb3:b„  where  b,.,  and 
b3  are  thejeciprocal-Iatticejectors  divided  by  2-.  name¬ 
ly  ((2/V''3)/a,0,0),  (( 1 /v 3)/a,  1 /a,0),  and  (0,0, l/c*. 
re.spectively.  The  parameters  of  the  Hamiltonian  for 
AIN.  Ga.N,  and  InN  have  been  published,"  *'  and  are 
reproduced  in  Table  I  along  with  the  wurf/ite  lattice 


constants  a  and  c,  and  the  c/a  ‘'atio.  Since  tlie  c/a  ratio, 
to  within  2.1%,  is  the  ideal  value  of  we  simplify 

the  model  by  assuming  the  ideal  value. 

The  hand  structures  of  the  alloys  are  obtained  in  the 
virtual-crystal  approximation.*"  We  implement  the 

TABLE  I.  Tight-binding  parameters  un  eV*  for  AIN,  GaN, 


and  InN  in  the  notation  of  Ref.  12. 
Refs.  9,  10,  and  1 1,  respectively. 

Parameters  aie  taken  from 

AIN 

GaN 

InN 

E{s,a) 

“12.104 

“13.114 

“4.984 

Eip.a) 

3.581 

1.269 

0.565 

Eisx) 

“0.096 

“1.786 

0.254 

Eipx) 

9.419 

7.131 

3.895 

“10.735 

“9.371 

-5.841 

l''(.V,.V) 

5.808 

3.008 

1.347 

riA*,yi 

8.486 

6.535 

3.033 

8.092 

4.889 

1.595 

yipuxe) 

9.755 

10.867 

4.000 

a 

3.104 

3.180 

3.5a3 

c 

4.963 

5.166 

5.693 

c/a 

1.599 

1.635 

1.611 
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FIG.  !  Predicted  band  structure  of  Inn,,H)Gao.4oN.  The 
direct  energy-band  gap  lies  in  the  blue-green  part  of  the  spec¬ 
trum. 


virtual-crystal  approximation  by  taking  weighted  aver¬ 
ages  of  the  matrix  elements.  For  example,  in  the  case  of 
In^Gai^^^N,  we  average  the  various  diagonal  matrix  ele¬ 
ments  £, 

£(In,Ga,^^,N)=(I“.x)£(GaN)+x:£(InN)  . 

The  otf-diag(  nal  matrix  elements  F,  multiplied  by  the 
square  of  the  bond  length  d,  are  also  averaged  this  way 
(according  to  Ha.dson’s  rule*^),  with  the  bond  length  ob¬ 
tained  from  Vegard*s  law,**^ 

ti(In;,Gai^,N)-(l-xW(GaN)+;:tf(InN)  . 

Thus  we  assume  that  virtually  all  of  the  In  and  Ga  atoms 
occupy  cation  sites,  while  anion  sites  are  overwhelmingly 


lOxGai-yN 


GaN  X  InN 

FIG,  2.  Energies  of  principle  conduction-band  minima  vs  al¬ 
loy  composition  for  Inj  .^Ga^N.  The  symmetry  points  //» K,  L, 
.Vf,  A,  and  P  have  the  usual  Brouckaert-Smoluchowski-Wigner 
definitions  (Ref.  15). 


FIG.  3.  Energiei  of  principle.conduction-band  minima  vs  al¬ 
loy  composition  for  In|-.^A1,^N. 


occupied  by  N.  The  lattice  mismatch,  l-^(i{GaN)/d 
(InN),  is  9.3%;  the  corresponding  mismatch  for  AIN  and 
InN  is  12.8%.'^ 

The  resulting  predicted  band  structure  for 
I^o.6oGao.4oN  is  given  in  Fig.  1.  In^Gaj^^^N  is  a  direct- 
band-gap  semiconductor  ior  all  compositions  .x,  and  has  a 
band  gap  ranging  from  2  oV  for  InN  to  .'.5  eV  for  GaN. 
The  principal  features  of  the  predicted  band  structures  of 
In^Gaj.^N  and  In^Al|_^^N,  namely  the  energies  of  the 
r,  Aj  iVf,  L,  Kf  and  H  conduction-band  minima,^^  are 
plotted  as  functions  of  alloy  composition  .x  in  Figs.  2  and 
3. 

The  principal  conclusion  to  be  drawn  from  ♦hese  calcu¬ 
lations  is  that  In^Ga.^j^N  and  In^Al|..;^N  should  be 
direct-band-gap  semiconductors  and  hence  potential  light 
emitters  for  al)  compositions  x. 

III.  DEEP  LEVELS  IN  InN 
A.  General  considerations 

Every  s-  and  p-bonded  impurity  produces  both  deep 
levels  associated  with  its  central-cell  potential  and  shal¬ 
low  levels  caused  by  any  nonzero  valence  difference  be¬ 
tween  the  impurity  and  the  host  atom  it  replaces  (al- 
th'^ugh  the  “deep’*  levels  often  do  not  lie  in  the  funda¬ 
mental  band  gap  as  once  believed,  but  often  can  be  reso¬ 
nant  with  the  host  bands).  The  deep  levels  can  be  com¬ 
puted  using  the  theory  of  Hjalmarson  et  al,  The  one- 
electron  Schrodinger  equation  for  the  deep  levels  E  can 
be  rewritten, 

det[l--Go(£)I^]=0  , 

where  Gq(E)  is  the  host  Green’s-function  operator, 

Go^iE-Ho)-'  , 

and  //y  is  the  Hamiltonian  operator  that  generates  the 
band  structure  of  the  host.  E  is  assumed  to  have  a  posi- 
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live  imaginary  part  whenever  E  is  not  in  a  band  gap.  The 
defect  potential  is  KsiZ—J/o,  where  H  is  the  Hamiltoni¬ 
an  of  the  crystal  with  an  impurity. 

If  we  follow  established  custom*^  and  (i)  neglect  the 
weak  long-ranged  Coulomb  potential  responsible  for  shal¬ 
low  levels,  and  (ii)  ignore  lattice  relaxation  around  the 
impurity  (effects  of  order  0.1  eV),  the  defect  potential  V  is 
diagonal  in  a  basis  of  localized  Lowdin  orbitals  centered 
at  the  impurity  site,  and  the  secular  equation  fur  the  ener¬ 
gy  levels  reduces  to  two*^’*^  scalar  equations, 

G^^(£)=l/K„  G^SE)=\/V^, 

Here,  G ^^(E)  and  G^JsE)  are  the  host  Grc..)’s  functions 
for  the  r  like  and  p-like  £,  states,*^  respectively,  and 
and  Vp  are  the-defect  potentials  for  the  5-like  and  /?- 
like  states,  respectively. 

Using  the  scaling  rules  for  the  matrix  elemenUiof 
namely  that  diagonal  matrix  elements  depend  on  atomic 
energies,  whereas  off-diagonal  matrix  elements  vary  in¬ 
versely  as  the  square  of  the  bond  length, we  find 
that 

"“ft  imp  host  ^ 
and 

wiicre  and  atomic-orbital  energies  in  the 

solid*^  for  impurity  and  host,  respectively.  We  have 
^^=0.8  and  0.6.  These  equations  can  be  solved  for 
deep  levels  of  energy  £  in  the  fundamental  band  gap  by 
computing  the  Green's  function  G/(£)  and  plotting  £ 
versus  [G/{£)]"'^== 

B.  Native  defects 

The  first  question  the  theory  should  answer  is  “Why  is 
InN  n  type?”  Tansiey  and  Foley^  had  speculated  some 
years  ago  that  the  n-type  behavior  is  caused  by  an  antisite 
defect:  N  on  an  In  site  (NjnK  which  they  had  suggested 
might  be  a  double  donor.  However  we  find  that  this  de¬ 
fect  produces  both  5-like  and  p-like’’  deep  levels  deep  in 
the  gap  (see  Fig.  4)— closer  to  the  valence-band  edge 
than  to  the  conduction-band  edge. 

The  5-like  state  is  occupied  by  the  two  e.xtra  N  elec¬ 
trons  and  is  too  far  from  the  conduction-band  edge  to  be 
thermally  ionized — even  if  one  makes  allowan.^es  for  a 
few-tenths-of-an-eV  theoretical  uncertainty  in  the  pre¬ 
dicted  deep  levels.  The  /7-like  states  are  far  from  the  band 
edge,  empty,  and  together  can  trap  six  electrons.  (Of 
course,  Coulombic  charge-state  splitting,  omitted  from 
the  model,  will  raise  these  neutral-impurity  levels  as  each 
additional  electron  is  added.*®)  Thus  N|n  is  a  deep  trap 
for  both  electrons  and  holes,  its  natural  occurrence  in 
InN  cannot  explain  the  material's  n-lype  character. 

The  In»^.  antisite  defect  produces  deep  .s-like  and  /?-like 
levels  near  the  cenier  of  the  gap  (Fig.  4).  Six  electrons  oc¬ 
cupy  the  lowes.  of  the  e.ght  spin  orbitals  associated  with 
this  defect,  m^'.ing  the  neutral  defect  unquestionably  a 
deep  trap  for  both  Usve)  electrons  and  (six)  holes.  Thus 
Injs,  can  compensate  N|„,  but  does  not  dope  InN  either  n 


InN 


''°N 


FIG.  4.  Energy  levels  and  electron  occupa:icies  of  neutral  na¬ 
tive  defects  in  InN.  Holes  are  d-'noted  by  open  circles  and  elec¬ 
trons  arc  denoted  by  solid  circles.  For  the  nitrogen  vacancy, 
the  electron  hi  the  level  resonant  with  the  conduction  band 
decays  to  the  band  edge,  where  it  becomes  a  shallow-donor  elec¬ 
tron.  The  energies  of  levels  resonant  with  the  host  bands  arc 
merely  schematic,  are  not  to  be  taken  as  quamiiaiive.  and  are 
merely  to  illustrate  that  there  are  resonances  in  the  bands. 


type  orp  type. 

Neither  antisite  defect  can  explain  the  observed  /i-type 
character  of  InN. 

The  theory  for  In  y  does  provide  a  simple  and  natural 
explanation  for  the  optical  absorption  data  of  Tansiey 
and  Foley:"  They  find  a  deep  level  ir  /i-type  InN.  with  /?- 
like  character  ly;ng  1  eV  below  the  conduction-band 
edge,  which  they  attribute  to  an  itntisite  defect.  Our 
theory  (Fig.  4)  does  seem  to  be  in  excellent  agreement 
with  their  data. 

The  In-site  vacancy  Vai„  (Fig.  4)  produces  5-like  and  /?- 
like  levels  near  the  valence-band  max. mum,  with  the  5- 
like  level  doubly  occupied  and  the  /?-like  neutral  vacancy 
level  containing  three  electrons  and  three  hoi....  The 
theory,  taken  literally,  places  the  /?-like  level  in  the  g*4p, 
where  it  can  trap  both  electrons  and  holes,  and  the  5-like 
level  in  the  valence  band,  (It  is  conceivable  that  the  p- 
like  level  actually  lies  below  the  valenct-band  m..ximum, 
in  which  case  the  In  vacancy  would  be  a  triple  shallow 
acceptor,  because  the  holes  would  bubble  up  to  the 
valence-band  edge.)  Clearly,  the  In  vacancy  cannot  ac¬ 
count  for  the  observed  /i-type  character  of  InN  either. 

The  N  vacancy  can  (Fig.  4).  (Tansiey  and  Foley  have 
also  speculated  that  the  N  vacancy  might  be  the  defect 
responsible  for  the  natural  //-type  chaiacter  of  InN.^*)  N 
produces  an  5-like  level  (containing  two  electrons)  near 
the  conduction-band  ^.v.ge  and  a  p-like  le\ei  (containing 
o.ie  electron)  above  the  conduction-band  edge.  Since  the 
p-like  level  is  resonant,  its  electron  u*  autoionized,  decays 
to  the  conduction-band  edge,  and  dopes  InN  n  type  (one 
electron  per  vacancy).  It  is  also  possible  that  the  5-like 
deep  states  he  a  bit  higher  than  predicted  not  in  the  gap) 
and  are  resonant  with  the  conduction  band,  donating 
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their  electrons  to  the  conduction  hand.  In  this  .second 
case  the  N  vacancy  would  be  a  triple  donor.  Thus  we 
conclude  that  the  N  vacancy  is  most  likely  responsible  for 
the  rt-type  behavior  of  InN,  and  is  most  likely  a  .single 
donor  (but  po.ssibly  donates  three  electrons  to  the  con¬ 
duction  band'.  Moreover,  the  nitrogen  vacancy,  if  it  is  a 
simple  donor  with  its  r-like  deep  level  in  the  gap  just 
below  the  conduction-band  edge,  provides  a  natural  e;:- 
planation  of  the  0.2-eV  feature  in  the  Tansley-Foley  opti¬ 
cal  absorption  data.’"  Thus  we  propose  that  the  N  va¬ 
cancy  both  dopes  InN  n  type  and  produces  a  deep  level 
0.2  eV  below  the  conduction-band  minimum  which  has 
been  detected  in  the  optical  absorption. 

Another  defect  possibly  re.sponsible  for  the  n-type 
character  of  InN  is  o.xygen  on  a  N  site,  which  is  not  a  na¬ 
tive  defect,  but  is  nevertheless  likely  to  be  py^esent  in 
significant  concentrations  (Fig.  5). 

C.  Dopants 
/.  p  type 

Since  InN  occurs  n  type  naturally,  the  central  question 
concerning  doping  is  whether  it  can  be  doped  p  type.  If, 
as  we  predict,  InN  is  naturally  n  type  because  of  N  va¬ 
cancies,  then  ("J-iype  material  must  be  relatively  free  of 
these  vacancies  or  contain  a  sufficiently  large  number  of 
acceptors  to  compensate  them. 

The  best  candidate  for  an  acceptor  is  a  column-II  im¬ 
purity  on  an  In  site  (Fig.  6).  Such  an  impurity  will  be  a 
shallow  acceptor  in  the  cla.ssic  sense.  There  is  a  problem 
with  ordinary  acceptors  in  Ipfj,  however,  because  this 
iarge-band-gap  semiconductor  should  have  a  moderately 
small  dielectric  constant,  estimated  to  be  e=8.3,’’  and  a 
rather  large  (calculated)  valencQ-band  effective  mass, 
m*  =  1.6,’^  causing  the  acceptor’s  effective-mass-theory 
binding  energy  to  be  rather  large,  ~0.3  eV.  Thus  unless 
these  crude  estimates  of  m*/e~  are  too  large  by  a  factor 


FIG.  1  Energy  levels  and  occupancies  of  neutral  column-VI 
onpurities  on  the  N  sit®  in  InN.  Electrons  are  denoted  by  solid 
circles.  All  column- Vt  impurities  on  the  N  site  are  predicted  to 
bf  donors  The  exlr?i.clonor  electron  is  denoted  by  a  solid  circle 
irMlin  conduction  \'>and. 


FIG.  6.  Energy  levels  and  occupancies  of  neutral  impurities 
from  columns  I,  II,  and  III  on  the  cation  site  and  B  on  the  In 
site  in  InN.  GaN,  and  A!N.  Holes  are  denoted  by  open  circles. 
All  column-II  impurities  on  the  III  site  are  predicted  to  yield 
shallow  acceptors.  Column-l  impurities  are  predicted  to  yield 
double  acceptors.  Isoelectronic  impurities  on  the  111  site  are 
predicted  to  be  inert,  e,xcept  for  Bin  in  InN  only,  which  is  pre¬ 
dicted  to  be  a  trap. 

of  3  or  more,  the  shallow-impurity  binding  energy  is  large 
enough  to  inhibit  thermal  ionization  of  holes  at  room 
temperature.  Ultimately,  the  fr^t  that  the  shallow- 
acceptor  binding  energy  is  so  large,  not  the  purported 
difficulty  of  incorporating  shallow  acceptors,  may  be  the 
reason  InN  cannot  be  fabricated  .sufficiently  p  type, 
Column-IV  impurities  on  the  N  site  will  very  likely  not 
produce  shallow  acceptors,  but  instead  will  produce  both 
5-like  (e.xcept  perhaps  for  C)  and  p-like  deep  levels  in  the 
fundamental  band  gap — with  one  hole  and  five  electrons 
in  the  upper  (p-like)  level  and  two  electrons  in  the  5-like 
level  (Fig.  7) — e.xcept  for  Pb,  which  has  its  5-like  and  p- 
like  levels  reversed.  Thus  neutral  column-IV  impurities 
on  N  sites  are  deep  traps  for  both  electrons  (one)  and 


InN :  N  site 


Si^  Sn^  Pb^ 


FIG.  7.  Energ\  le\els  and  occupancies  of  neutral  column-IV 
impurities  on  the  N  site  in  InN. 
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holes  (five). 

We  also  note  that  the  In  vacancy,  if  its  p-like  level  ac¬ 
tually  lies  below  the  valence-band  maximum,  could  dope 
InN  p  type  (see  Fig.  4). 

2.  n-type 

For  n-type  doping,  the  best  candidate,  other  than  the 
N  vacancy,  is  oxygen  or  some  other  chalcogen  on  a  N 
site.  Oxygen  produces  no  deep  levels  in  the  fundamental 
band  gap,  and  so  is  a  classic  shallow  donor  (Fig.  5).  Neu¬ 
tral  S.  Se,  and  Te,  in  addition  to  producing  the  shallow 
donor,  each  also  yield  a  p-like  fully  occupied  deep  level  in 
the  gap,  which  is  driven  up  from  the  valence  band  be¬ 
cause  the  s  atomic-orbital  energies  of  S,  Se,  and  Te  are 
higher  than  that  of  N.’^ 

Column-IV  impurities  on  the  In  site  are  not  good  can¬ 
didates  for  donors,  since  they  are  predicted  to  have  5-like 
deep  levels  in  ihv  gap,  and  so,  when  neutral,  could'eiiher 
trap  electrons  or  holes  (Fig,  8).  The  predicted  5-like  lev¬ 
els  for  Pb  and  possibly  Sn  are  close  enough  to  the 
concinctioivband  edge  that,  allowing  for  a  small  uncer¬ 
tainty  in  the  theory,  these  levels  could  lie  resonant  with 
the  conduction  band,  and  so  could  conceivably  lead  to 
shallow-donor  behavior. 

Thus  we  predict  that  the  best  dopants  for  InN  are 
column-II  impurities  on  the  In  site  for  p^type  doping,  and 
either  a  vacancy  or  oxygen  on  the  N  site  for  n-type  dop¬ 
ing.  Column-IV  dopants  on  either  or  both  sites  will  tend 
to  produce  semi-insulating  material, 

D.  Isoelectronic  impurities 

Isoelecironic  im; "  riiies,  namely  impurities  from  the 
same  column  of  the  Periodic  Table  as  the  host  atom  they 
replace,  are  normally  thought  of  as  electronically  inert. 
Rather  spectacular  couniere.xamples  to  this  thinking  are 
the  N  isoelectronic  traps  in  Ga.As.^Pi».^  and 
.Alj.^Ga^As  alloys,  electron  traps  which  play  major 
roles  in  localizing  electrons  and  enhancing  the  intensity 


InN;  In  site 


FIG  8  Fiicrgv  !e\  n  anJ  occupaiuics  of  ncusral  column- IV 
»nipurnie.s  on  the  In  siie  in  InN. 


of  recombination  radiation. 

Isoelectronic  impurities  (unlike  heieroelectronic 
donors  and  acceptors)  can  often  trap  one  carrier  without 
repelling  a  carrier  of  opposite  sign,  as  in  the  case  of  Np  in 
GaP,  which  traps  an  electron — and  the  electron  is  subse¬ 
quently  able  to  capture  a  hole  and  to  form  an  impurity- 
bound  exciton. 

In  InN,  according  to  the  theory,  neutral  B  on  an  In  site 
produces  such  an  isoelectronic  trap,  an  5-like  level  slight¬ 
ly  below  the  conduction-band  edge  (Fig.  6).  (The  p-like 
level  of  B  is  predicted  to  be  resonant  with  the  conductio*' 
band.)  The  remaining  In-site  isoelectn.nic  traps  are  elec¬ 
tronically  inert,  according  to  the  theory,  with  their  deej) 
levels  all  being  resonant. 

On  the  N  site,  the  Bi  and  Sb  isoelectronic  impurities 
produce  both  5-like  and  p-like  deep  levels  in  the  band  gap 
(fully  occupied  by  electrons  for  the  neutral  defect)  and 
hence  are  deep  hole  traps  (Fig.  9).  Similarly.  As  and  P  on 
the  N  site  have  (full)  /?-like  deep  levels  in  the  gap.  while 
their  (full)  5-Iike  levels  lie  just  below  the  valence-band 
maximum.  They  too  are  deep  hole  traps. 

One  of  the  interesting  features  of  these  isoelecironic 
traps  is  that  they  bind  one  carrier  in  a  localized  (Mbiial, 
and  so  can  bind  an  excitop  by  binding  one  carrier  which 
binds  the  second  through  the  electron-hole  interaction. 
For  example,  B|„  can  bind  an  electron  which,  in  turn,  can 
bind  a  hole.  Similarly,  Bij^.,  Sbs,i,  and  ASs;.  or  l\s  can 
bind  a  hole  which  can  attract  an  electron.  By  localirjng 
an  e.xciton  this  way,  an  isoelectronic  trap  can  enhance  the 
intensity  of  the  recombination  luminescence,  becau.se  the 
recombination  rate  for  a  localized  state  is  generally  much 
larger  than  for  a  delocalized  state. 

E.  Other  deep  levels 

Impurities  two  o:  more  columns  of  the  Periodic  Table 
distant  from  the  hoiit  atom  the>  replace  tend  to  be  rather 
insoluble;  nevertheless,  their  solubilities  are  not  zero,  and 
we  includ,  »heir  predicted  deep  levels  here  for  cumpleie- 
ness. 


FIG  Ciicrgv  L-vcK  and  i^tupaiKics  <»f  nculuit  run¬ 

ic  iiapunnes  on  the  K  site  in  InN. 
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InN:  In  site 


FIG,  10.  Energy  levels  and  occupancies  of  neutral  column*V 
impurities  on  the  In  site  in  InN, 


Nqn 


FIG.  13.  Energy  levels  and  occupancies  of  neutral  column-I 
impurities  on  the  N  site  in  InN. 
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FIG>  1 1  Energy  levels  and  occupancies  of  neutral  column- VI 
impurities  on  the  In  site  in  InN. 


FIG.  14,  Energ)  levels  and  occupancies  of  neutral  column-II 
impurities  on  the  N  site  in  InN, 


InN:  In  site 


F_  Cl-  Br.^  I_  At- 
In  In  In  In  In 

FIG  12.  Energy  levels  and  occupancie.s  of  neutral  column- 
Vll  impurities  on  the  In  site  in  InN. 
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FIG.  15.  Energy  levels  and  occupancies  of  neutral  column- 
ill  impurities  on  the  N  site  in  InN. 
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FIG.  16.  Energy  levels  and  occupancies  of  neutral  column- 
VII  impurities  on  the  N  site  in  InN. 

On  the  In  site  coIumn-1  and  -II  impurities  are  double 
acceptors  and  single  acceptors,  respectively,  with  their  s 
and  p  deep  levels  in  the  conduction  band  (see  Fig.  6).  The 
column-V  impurities  produce  deep  traps;  doubly  occu¬ 
pied  deep  s  levels  in  the  gap  and  empty  p  levels  that  are  in 
the  gap  for  P|„  and  ASj^  but  in  the  conduction  band  for 
Sb|„  and  Bi.,,  (Fig.  ,0),  The  column-Vl  impurities  (Fig. 
1  li  produce  doubly  occupied  s  levels  deep  in  the  gap  plus 
singly  occupud  p  levels  that  are  deep  in  the  gap,  e.vc.pt 
for  Te  (which  should  produce  a  shallow  donor!).  The 
halogens  .  n  the  In  site  should  produce  deep  s  and  p  levels 
in  the  gap  Fig.  12). 

On  the  N  site,  columns-I,  -II,  and  -III  imp.trities  all 
produce  s-llke  and  p-like  deep  levels  in  the  gap  o.*'  InN,  all 
at  about  the  same  energy  (Figs.  13-15).  Column-VII  im¬ 
purities  (Fig.  16)  are  ail  double  donors,  except  possibly 
for  F,  '  i.ich  the  theory  predicts  to  be  inert  (which, 
within  the  theoretical  uncertaini) ,  may  also  be  a  double 
donor). 

IV.  DEEP  LEVELS  IN  In,Ga,_,N  AND  la,,  Al,_j,  N 
A.  Doping  anomalies 

The  deep  levels  in  the  alloys  In^Ca|_j,N  and 
In^.Al5_j(N  are  similar  to  tluise  in  In.N'.  As  functions  of 
alloy  composition  they  vary  in  energy  rather  smoothly. 
In  many  ca.NCs  deep  levels  that  lie  in  the  fundamental 
band  gap  for  InN  move  out  of  the  gap  as  a  function  of  al¬ 
loy  composition  and  lie  resonant  with  the  host  bands  of 
GaN  or  AIN.  When  this  happens,  the  character  of  the 
impurity  changes-  (e.g.,  from  a  deep  trap  to  a  shallow 
donor)  and  a  “doping  anomaly"  occurs. 

There  are  two  common  types  of  doping  anomaly:  (i) 
false  valences,  and  tii)  deep-shallow  transitions. 

False  valences  occur  when,  as  a  function  of  alloy  com¬ 
position.  a  deep  level  completely  crosses  the  fundamental 
ba’-.J  gap.  False  valences  do  not  occur  in  ln,Ga|_^N  or 
In^Al|_,N,  but.  to  understand  the  concept  of  a  .‘alse 
vaLnee,  suppose  that  the  s-like  level  of  Si  on  a  cation  site 
(Fig.  8)  were  to  descend  from  the  conduction  b...id  of 


GaN  through  the  gap  to  the  valence  band  of  In.N*  (it  does 
not).  Then  the  hole  in  the  deep  level  would  bubble  up  to 
the  valence-band  maximum,  and  neutral  Si  would  become 
a  single  acceptor  rather  than  a  deep  trap  for  both  elec¬ 
trons  ai:'l  holes,  and  would  have  a  false  valence  of  —  I  in¬ 
stead  of  its  normal  valence  (+1)  with  respect  to  the 
column-111  cation.  The  reason  false  valences  do  not 
occur  in  ln^Ga|_j(N  or  In^Alj-xN  is  that  the  vacancies 
have  both  j-like  and  p-like  levels  n.  or  very  near  the  fun¬ 
damental  band  gap  (Fig.  4).  Since  the  vacancies  corre¬ 
spond  to  infinite  defect  potent. als,’“  they  separ.  te  the  im¬ 
purity  levels  that  originate  from  the  conduction  band 
with  finite  defect  potentials  from  those  that  come  from 
the  valence  band — and,  if  the  vacancy  levels  lie  in  the 
gap  for  all  alloy  compositions,  prevent  impurity  levels 
from  crossing  the  gap. 

Deep-shallow  transitions  occur  wi.en  a  deep  leyel  in 
the  gap  moves  out  of  the  gap  (as  a  function  of  .v).  C'  .sid- 
er,  as  an  c.xample,  a  column-lV  impuiin  sucii  as  Si  on  a 
cation  site  in  In^Ga,_j^.N.  In  InN,  neutral  Si  on  an  Mt 
site  produces  an  s-like  deep  level  in  the  gap  occupied  by 
one  electron  and  one  ho'e  (Fig.  8).  Therefore  i  .utral  Si|„ 
is  a  deep  electron  and  h  de  trap  m  InN,  but  m  GaN  or 
AIN,  Si  on  i  cation  site  produces  n  s-lil.e  level  degen¬ 
erate  with  the  conduction  band  (Figs.  17  and  18).  The 
electron  that  occupied  this  level  in  InN  is  autoionixed  in 
GaN  or  AIN  and  falls  to  the  conduction-band  edge 
(where  the  long-ranged  Coulomb  potenoal  omitted  .n  this 
paper  traps  the  electron  in  a  shallow -donor  state).  As  a 
result  cation-site  Si  in  GaN  or  .AIN  i;  a  shallow -d- -nor 
impurity;  its  ground  state  has  the  e.vira  electron  in  a 
shallow  level  (whereas  in  InN  this  e.xtr;.  electron  occupies 
a  deep  level).  For  some  intermediate  alloy  composition 
between  InN  and  GaN,  the  deep  level  of  Si,,,  in  InN 
passes  thiough  the  conduciion-band  edge,  and  the  Si  im¬ 
purity  changes  its  character  from  a  deep  trap  io  a  shallow 
donor  (Fig.  19). 

The  predicted  dependences  on  alloy  compositio.i  x  of 
substitutional  deep  levels  in  In^Gai-j^.N  are  displaved  in 
Figs.  19-22. 


FIG.  17.  Encrti>  le\els  and  elecirun  otcupanvic^  of  neutral 
column-IV  impurities  on  the  Ga  .site  in  GaN. 
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ELECTRONIC  STRUCTURES  ANL  'OPING  OF  InN', . 


FIG.  18.  Energy  levels  .ind  electron  occupancies  of  neutral 
column-IV  impurities  on  the  Al  site  in  AIN. 


The  principal  deep  levels  for  sub.stitutional  defects  in 
GaN  and  AIN  are  given  in  Figs.  17  and  18  and  23-30. 
The  variation  with  alloy  composition  x  of  deep  levels  in 
InjAli_j,N  is  given  in  Figs.  31-34.  In  many  cases,  the 
qualitative  level  structure  for  a  specihc  impurity  on  a 
given  site  is  the  same  for  all  alloy  compositions  of 
In,Ga|_,N  and  InjA!|_;,N  (e.g.,  for  oxygen  on  an  anion 
site),  and  no  deep  levels  cross  either  the  valence-band  or 
Ljnduction-band  edge  as  alloy  composition  is  varied.  In 
such  cases,  the  qualitative  doping  character  of  the  defect 
does  not  change,  although  its  quantitative  energy  levels 
do,  according  to  Figs.  19-22  and  31-34.  Here  we  focus 


FIG.  20.  £j  Ip-like)  defect  levels  for  impurities  on  the  cation 
site  in  Ini-.,Ga,,N.  Only  levels  for  impurities  from  columns  Vi 
and  VII  are  partially  filled  by  electrons;  other  impurity  levels 
are  unoccupied. 


on  those  defects  whose  qualitative  characters  do  change 
with  alloy  composition,  defects  that  undergo  deep- 
shallow  transitions. 

B.  Native  defects 

The  antisite  defects,  N  on  a  cation  site  and  a  cation  on 
a  N  site,  have  the  same  qualitative  level  structures  in 
GaN  and  AIN,  but  a  diifcrent  one  in  InN  (Figs.  4.  23,  and 
27).  In  InN  the  (neutral)  N|„  defect  has  both  a  filled  (dou¬ 
bly  occupied)  s-like  level  and  an  empty  p-iike  deep  level  in 
the  gap.  The  p-like  level  is  in  the  conduction  band  for 
GaN  and  AIN.  Thus  N|„  is  a  deep  trap  for  both  electrons 


> 

(D 


FIG.  19.  /I  I  defect  levels  vs  a»!oy  composition  x  for 

impurities  on  the  cation  site  in  In|-.;5Ga;fN.  I-evels  for  impuri¬ 
ties  from  columns  V,  VI,  and  VII  are  completely  hlled.  levels  for 
impurities  from  column  IV  have  one  electron  and  one  hole,  and 
levels  for  isoelecironic  impurities  are  unoccuf/ed  by  electrons. 
Other  impurities  are  acceptors. 


FIG.  21.  A I  (5-like)  defect  levels  for  impurities  on  the  N  site 
in  Ini-jGa,N.  All  the  levels  shown  are  occupied  by  two  elec¬ 
trons. 
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FIG.  22.  El  (/7-Iike)  defect  levels  for  impurities  on  the  N  site 
in  Ini-^Ga,N.  Levels  due  to  impurities  which  ha^'e  fewer 
valence  electrons  than  N,  such  as  Si,  are  partially  occupied  by 
electrons  and  trap  both  electrons  and  holes.  Impurities  which 
have  more  valence  electrons  than  N,  such  as  0,  are  donors: 
their  levels  aic  completely  occupied  by  electrons  and  have  extra 
electron  in  the  conduction  band. 

and  holes,  whereas  neutral  N^a  in  GaN  and  N;^|  are 
deep-hole  traps. 

The  cation-vacancy  p-like  level  is  barely  in  the  gap  for 
InN  and  GaN,  and  di.ep  in  the  gap  for  AIN  (Figs.  4,  23, 
and  27),  whereas  the  j-like  level  is  resonant  with  the 
valence  band  for  InN  and  GaN,  but  in  the  gap  for  AIN. 
This  vacancy,  when  neutral,  can  trap  either  electrons  or 
holes. 

The  N  vacancy  is  a  shallow  donor  in  InN  and  GaN 
(Figs.  4  and  23).  with  its  p-!ike  level  in  the  conduction 
band  and  its  5-like  deep  level  doubly  occupied  in  the  gap. 
In  AIN  the  p-like  level  lies  in  the  gap  (Fig.  27),  making 
the  neutral  N  vacancy  a  deep  electron  trap. 


GaN 


FIG.  23.  Energy  level'  and  electron  occupanuv.s  of  neutral 
native  defects  in  GaN. 


GoN:N  site 


FIG.  24.  Energy  levels  and  electron  occupancies  of  neutral 
column-VI  impuHtics  on  the  N  site  in  GaN. 


GaN :  N  site 


®®N 


FIG,  25.  Energy  levels  and  electron  occupancies  of  neutral 
column-iV  impurities  on  the  N  site  in  GaN. 


GaN :  K  site 


FIG,  26.  Tnergy  levels  and  electron  occupancies  of  ncu***‘*i 
isoclccironic  iinpiirities  on  the  N  site  in  GaN. 
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AJtNrN  site 


FIG.  27.  Energy  levels  and  elcciron  occupancies  of  neutral  FIG.  30.  Energy  levels  and  electron  occupancies  of  neutral 
native  defects  in  AIN.  isoelectronic  impurities  on  the  N  site  in  AIN. 


AJIN:  N  site 
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InxAil-xN  :  cat  ion  site  A 
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FIG.  28.  Energy  levels  and  election  occupancies  of  neutral  FIG.  31.  Ai  (^-like)  defect  levels  for  impurities  on  the  cation 
column-VI  impurities  on  the  N  site  »n  AIN.  site  in  Ini^.^Al^N. 
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FIG.  29.  Energy  levels  and  election  occupancses  of  neutral  FIG.  32,  tp-like)  defect  levels  for  impurities  on  the  cation 
column-! V  impurities  on  the  N  site  in  .AIN.  site  in  liii  ^  AI^N. 
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FIG.  33.  A I  (5-like)  defect  levels  for  impurities  on  the  N  site 
in  AI;fN. 


C»  Donors  and  acceptors 

Column-II  impurities  on  cation  sites  are  ordinary  ac¬ 
ceptors  in  InN,  GaN,  and  AIN  (Fig.  6).  Column-I  impur¬ 
ities  are  double  acceptors. 

Column-VI  impurities  on  anion  sites  are  ordinary 
donors,  but  S,  Se,  and  Te  each  have  a  fully  occupied  deep 
/7-like  level  deep  in  the  gap  for  InN,  and  barely  in  the  gap 
for  GaN  and  AIN.  (This  level  is  in  the  valence  band  for 
oxygen.)  See  Figs.  5,  24,  and  28. 

Column-IV  impurities  on  a  N  site  each  produce  a  deep 
electron  and  hole  trap  due  to  a  p-!ike  deep  level  in  the 
gap  (occupied  by  one  hole  and  five  electrons  for  the  neu¬ 
tral  defect)  in  InN,  GaN,  and  AIN  (Figs.  7,  25,  and  29). 
The  filled  5-like  deep  level  is  also  in  the  gap  for  InN  (ex¬ 
cept  for  C),  but  not  for  GaN  or  AIN  (See  Figs.  7,  25,  and 
29). 


FIG.  34.  (/7-likc)  dcf;.*.’  Ie\cls  for  impurities  on  the  N  .site 

in  lui  ^AlvN. 


Column-IV  impurities  (except  C)  on  the  Ga  site  in 
GaN  and  the  A1  site  in  AIN  produce  shallow  donors 
(Figs.  17  and  18).  In  InN  (Fig.  8)  they  produce  5-like 
deep  levels  in  the  i,ap.  Indeed,  the  /7-like  deep  level  of 
Cjii  even  lies  well  in  the  gap  of  InN,  while  the  5-like  levels 
of  neutral  carbon  are  predicted  to  be  deep  electron  and 
hole  traps  for  alloys  of  InN,  GaN,  and  AIN. 

D.  Isoelectronic  defects 

The  isoelectronic  defect  B  on  a  cation  site  produces  an 
5-like  deep  level  in  the  gap  of  I.;N,  but  this  level  is  in  the 
conduction  band  of  GaN  and  AIN  (Fig,  6).  Thus  with 
decreasing  x  in  In^^Gaj^^N  or  Al^^Ga.^^N,  B  undcrgoe<' 
a  deep-inert  transition  (Figs.  19  and  31).  (The  isoelect¬ 
ronic  impurity  has  no  long-ranged  Coulomb  potential 
and  hence  no  shallow  levels;  thus  it  becomes  inert  rather 
than  shallow  when  its  deep  levels  are  all  resonant  with 
host  bands.)  The  other  column-III  isoelectronic  defects 
are  inert  in  InN,  GaN,  and  AIN. 

Column-V  impurities  on  the  N  site  (except  N*)  all  pro¬ 
duce  occupied  p-like  levels  in  the  gap  and  are  hole  traps 
in  InN,  GaN,  and  AIN  (Figs.  9,  26,  and  30),  In  addition, 
Bi  and  Sb  in  InN  have  occupied  5-like  levels  in  the  gap 
for  InN.  (These  levels  descend  into  the  valence  bands  of 
GaN  and  AIN.) 

V.  SUMMARY 

We  have  predicted  the  electronic  structures  of  InN, 
In;^Ga|_^N,  and  In^Al,_^^N,  and  find  that  these  materi¬ 
als  exhibit  direct  band  gaps  ranging  from  orange  to  ultra¬ 
violet.  We  find  that  the  N  vacanc^.,  not  ihe  antisi’o  de¬ 
fect  A^|„,  is  primarily  responsible  for  InN's  n-type  charac¬ 
ter  as  grown.  We  propose  that  the  nitrogen  vacancy  is 
also  responsible  for  the  0.2-eV  absorption  feature  and  we 
confirm  the  Tansley-Foley  suggestion  that  In^  is  respon¬ 
sible  for  the  absorption  attributed  to  the  midgap  defect 
level.  We  predict  that  column-II  impurities  on  cation 
sites  should  produce  p-type  behavior,  while  column-IV 
impurities  should  yield  semi-insulaiinc  properties.  B  on 
an  In  site  in  InN  should  produce  an  isoelectronic  electron 
trap,  while  column-V  impurities  on  the  N  .site  should 
yield  hole  traps.  However,  the  shallow -acceptor  binding 
energy  may  be  too  large  to  permit  thermal  ionization  of 
large  numbers  of  holes,  and  it  may  be  difficult  to  prepare 
these  materials  with  high  concentrations  of  positive  car¬ 
riers.  Various  deep-shallow  and  deep-inert  transitions 
occur  in  the  In^Gai-^^N  alloy  system.  We  conclude  that 
Iny  .j;)Gao.6oN  and  In^  ;.N,  if  these  maieriais  can  be 
successfully  grown,  should  produce  blue-green  lumines¬ 
cence,  and  should  be  dopable,  both  n  type  and  p  type — 
although  the  shallow-acceptor  binding  energy  ma;  be  so 
large  as  to  limit  the  nu  nber  of  holes  in  the  valence  hand. 
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The  derivatives  with  respect  to  hydrostatic  pressure  are  predicted  for  deep  levels  associated  with 
5-  and  p-bonded  impurities  in  Si,  Ge,  AlP,  AlAs,  AlSb,  GaP,  GaAs,  GaSb,  InP,  InAs,  InSb,  and 
ZnSe,  It  is  shown  that  by  combining  data,  both  for  deep  levels  and  for  their  hydrostatic-pressure 
derivatives,  with  theory  it  is  often  possible  to  determine  (i)  the  site  of  the  impurity,  (ii'  the  symmetry 
of  the  deep  level,  and  (iii)  a  quite  small  number  of  substitutional  s-  and  /?-bondcd  impurities  that 
could  be  responsible  for  the  data.  We  use  this  method  to  argue  that  the  deep  levels  observed  by  Ala- 
dashvili  et  ai  in  InSb  to  lie  in  the  interval  between  O.i  and  0.15  eV  above  the  valence-band  max¬ 
imum  are  pr'bably  /I  | -symmetric  levels  associated  with  C|n  and/or  antisite  Sb|„  (or  levels  associat¬ 
ed  with  defect  complexes  involving  these  defects). 


I.  INTRODUCTION 

• 

Several  years  ago,  deep  levels  were  defined  as  impurity 
states  in  semiconductors  whose  energies  were  more  than 
0.1  eV  from  a  nearby  band  edge — namely  levels  ti.at 
were  not  thermally  ionized  at  room  temperature.  More 
recently  this  definition  has  been  revised  as  a  result  of  the 
recognition  that  deep  levels  can,  when  perturbed,  cease 
being  energetically  deep  in  the  gap  and  can  actually  pass 
into  a  band  where  they  become  resonances.  The  current 
definition  of  a  deep  level  is  one  that  is  caused  by  the 
central-cell  p'^lential  of  the  defect.’  In  fact,  all  s-  and  /?- 
bonded  substitutional  impurities  in  zinc-blende  semicon¬ 
ductors  produce  typicall\  four  such  deep  levels  in  the  vi¬ 
cinity  of  the  fundamental  band  gap:  one  ^-like  (  A  j  sym¬ 
metric)  and  one  triply  degenerate  p-like  (T'l )  level.  These 
deep  levels,  more  often  than  not,  are  resonances  that  lie 
outside  the  band  gap,  and  hence  are  not  “deep**  by  the 
old  definition. 

Despite  the  fact  that  various  theories  of  deep  levels 
have  been  developed,"  ^  beginning  with  the  cla.ssical  pa¬ 
per  by  Lannoo  and  Lenglart  on  the  levels  associated  with 
the  Si  vacancy,^  the  theories  generally  have  not  been  cap¬ 
able  of  ideniif^ying  a  particular  impurity  from  the  energies 
of  its  observed  deep  levels  in  the  fundamental  band  gap. 
This  is  due  only  in  part  to  the  fact  that  the  best  theories 
of  deep  levels  have  theoretical  uncertainties  of  a  few 
tenths  of  an  eV  for  their  level  predictions. 

Ren  ct  at.*"  following  the  “deep-level  pinning**  ideas  cT 
Hjalmarson  ct  air,  showed  for  subsiitutioiiai  s-  and  p- 
bonded  point  defects  on  a  .site  that  all  deep  levels  in  the 
band  gap  with  a  particular  symmetry  havw  almos*  the 
same  wave  function — independent  of  the  defect  (see  Fig. 
1).  This  notion  was  confirmed  r.xperimentally  by  various 
eleciron-nucicon  double  re.sonance  (ENDOR)  measure¬ 
ments  of  deep-level  wave  functions  in  semiconductors.’*’^ 
Thus,  no  experiment  that  probes  only  the  valence  elec¬ 
tronic  properties  of  a  deep  level  is  capable  of  easily  identi¬ 
fying  the  impurity  lesponsible  for  the  level:  it  is  neces¬ 
sary  u  probe  the  nucleus  [e.g.,  with  ENDO'*  (Ref.  7)]  or 
the  core  [e.g,,  with  extended  x-ray-absorplion  fine  siruc- 
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ture  (EXAFS)  (Ref.  9)]  to  achieve  such  a  unique 
identification. 

The  situation  has  been  further  complicated  due  to  the 
demonstration  by  Sanke\  et  a/,’’’  that  extended  substitu¬ 
tional  def  ci:>  often  have  almost  the  same  deep-level  ener¬ 
gies  as  their  constituent  Isolated  impurities.  Thus  analy¬ 
ses  of  observed  energy  levels  are  unlikel>  to  reveal  even  if 
the  defect  producing  the  level  is  a  point  defect.  (This 
complication  is  also  a  simplification,  because  it  means 
that  theoreticalK  one  need  consider  only  isolated  defects, 
since  defect  .complexei>  have,  to  a  good  approximation, 
spectra  which  are  the  sums  of  their  constituents’  spectra.) 


FIG.  i  Indium-s  le  subsiiiutional  defect  wave  functions  in 
InSb  are  shown  as  functions  of  deep  energ>  level  A'.  The  on-siie 
wave  funclioi  {  /ti.O,  I  i!’)  in  s.5e  notation  of  Ref.  b  and  first- 
shell  wave  functions  (.-li.R.*  i!')  (inward-direcicd  hvbnds 
(Ref.  61)  and  (  /I|,R|.2  (outward-dirccied  hvbnds  tRof.  (>)) 
arc  shown  hv  solid,  dashed,  and  daslied-doited  lines,  respective¬ 
ly.  All  these  curves  are  nearl>  Hal  and  show  (hat  the  deep  de¬ 
fect  wave  fuiK lions  depend  ver\  little  on  their  energv  levels. 
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*  This  insensitivity  of  deep  impurity  levels  to  the  irhpu/i- 
ty  raises  tli  j  question  of  how  much  information  can  be 
gieaned  frp*h  simple  electronic  measurements  of  deep  lev¬ 
els,  such  as  measurements  of'their  energies  and  pressure 
derivatives.*'  In  this  paper,  we  .show  that  (if  we  limit 
ourselves  to  5*  and  //-bonded  substitutional  impurities  in 
zinc-bicnde  semiconductors)  combined  measurements  of 
a  deep  level  and  its  change  with  hydrostatic  pressure  can 
usually  determine  both  the  .symmetry  of  the  level  and  the 
site  (anion  or  cation  site)  of  its  parent  impurity.  Further¬ 
more,  we  also  show  that  the"  number  of  candidates  for 
producing  a  particular  deep  level  in  the  band  gap  can  be 
reduced  in  number  to  only  a  few—and  that'  this  can  be 
done  even  for  impurities  in  a  small-band-gap  semiconduc¬ 
tor  such  as  InSb,  whose  (low-temperalure)  band  gap  of 
0.23  eV  is  smaller  than  the  uncerti'inty  in  most  theories. 

II.  THEORY 

Our  theoretical  approach  is  based  on  the  model  of  elec¬ 
tronic  structure  of  Vogl  ef  a/.,  the  theory  of  deep  levels 
of  Hjalmarson  et  al  and  the  work  of  Ren  ei  a/.”  on 
pressure  effects.  We  note  that  Ren's  basic  approach  to 
pressure  effects  on  deep  levels  in  GaAx>  led  to  the  target¬ 
ing  several  years  ago  of  oxygen  and  the  antisite  defect  as 
possible  constituents  of  the  defect  ELI —  and  that  the 
role  of  the  untisite  defect  is  now  generally  acknowledged, 
while  some  (but  not  all)  authors  continue  to  believe  that 
oxygen  is  also  a  constituent  of  EL2,  Thus  the  basic 
theoretical  approach  of  Ren  et  aL  has  a  history  of  suc¬ 
cess,  and  we  use  that  approach  here  for  deep  levels  in 
other  zinc-blende  semiconductors. 

The  deep  levels  E  are  obtained  by  solving  the  secular 
determinant 

det[l-Co(£)K)=0  . 

Here,  Go(£)  is  the  Green's  function,  which  is  real  in  ihc 
fundamental  energy  band  gap 
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C|,=(£  f 

The  host  Hamiltornuh  •//„  is  taken  To  be  the  nearest- 
neighbor  empirical  lig^  i-binding  model  of  Vogl  ci  u/. 
which  is  a.ten-band  mudel  capablo  of  dc.scribing  both  the 
chemistry  of  bondihj^  ,  ud  ihJireci-gap  energy 
band  structure  of  .semiconductors  .sach  as  Si  and  GaP,  by 
virtue  of  its  five-orbita)  basis  centered  on  each  sue. 
Expressed  formally  in  terms  of  I  *’Hdin  orbitals'* 
i  centered  at  the  atom  in  unit  eeb  R  at  site  b  ib 

denotes  anion  or  cation)  the  Blbch-like  tight-binding 
basis  states  are 

R 

Here,  /;  runs  over  .v,  .v",  and  the  three  p  states.  In  this 
ba.sis,  the  host  Hamiltonian  is  a  lOx  10  matri.x  for  each 
wave  vector  k  (see  Refs.  14  and  16).  By  diagonalizing 
this  matrix  and  obtaining  its  eigenvalues  £(k,/.),  namely 
the  band  structure,  and  its  eigenvccit'rs  k,A),  namely 
the  Bloch  states,  one  can  construct  the  Green's-function 
operator 

Go(£)=  XMk./.)<k,Ai  )/(£-£(k,A))  . 

k.A 

The  defect-potential  matrix  V  is  taken  to  be  diagonal 
and  centered  solely  on  the  impurity  site  in  the  Lowdin 
basis;  this  approximation  is  now  well  establislied,  and 
corresponds  to  neglecting  lattice  rela.xation  around  the 
impurity."  Coulombic  charge-state  splittings''  are  aLso 
neglected.  Since  any  underlying  theory  for  predicting  the 
deep  levels  of  a  given  impurity  is  only  accurate  to  a  few 
tenths  of  an  eV.  the  omission  of  lattice  relaxation  and 
charge-state  splittings  doe*  luM  appreciably  increase  the 
theoretical  uncertainty.  Following  Hjaimarson  et  aLr 
we  approximate  the  diagonal  matrix  elemem.s  of  Fon  the 
impurity  site  as 


TABLE  L  Exponents  (/,/*=.?,p,A  *)  for  the  bonddength  dependencies  of  the  nearest-neighbor 
matrix  elements.  Exponents  rf  are  obtained  by  fitting  the  observ'ed  pre.ssure  dependencies  (Table  ID  of 
the  direct  b  rnd  gaps  at  F,  L,  and  and  Ihc  indirect  gaps  from  L  and  Xy  to  ihc  vaicnee-band  maximum, 
using  the  leasi-squares  mcihod.  _  _  _  _ _ 


Vi,. 


Si 

3.(K)0 

1,600 

Ge 

4.400 

2.400 

AlP 

2.386 

1.6.37 

AlAs 

3.205 

1.656 

AlSb 

2.553 

4.249 

GaP 

3.6')7 

2.S04 

GaAs 

4.144 

2:3-1 

GaSb 

4.Q44 

2.013 

InP 

.3.100 

4.443 

InAs 

2.539 

2.8 12 

InSb 

4.012 

2.987 

ZnSe 

1.874 

I.I85 

3.825 

2.600 

3.327 

2,300 

2.500 

3.982 

1.521 

1.247 

2.4S6 

2,398 

L706 

3.214 

1.192 

3,272 

4.469 

L630 

2.795 

2.841 

2.220 

2.596 

2.665 

1.634 

2.281 

1.245 

3.039 

2.36^ 

1.207 

3.757 

2.825 

3.014 

2.533 

2.751 

3.134 

1.838 

1.330 

3.185 

12  551 
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TABLE  II.  Pressure  coefficients  of  zinc«b!ende  semiconductors  (in  meV/kbar). 


Semiconductor 

dEf /dp 

dEi  /dp  - 

dEx/dp 

dE,_f/dp 

dExf/dp 

Si 

1.0 

6.2 

3.0 

5.5" 

-1.5 

Ge 

14.2 

7.8 

5.5 

5.0 

-1.5 

AlP 

11.8" 

5.21'’ 

-0.62" 

4..16" 

—  2.2^ 

AI.As 

12.6'“ 

b-.n" 

0.58" 

4.82" 

-2.5^' 

AlSb 

9.00 

7.5" 

4.0" 

6.4" 

^1.5 

GaP 

16.5 

5.8 

1.8" 

2.1" 

-1.1 

GaAs 

10.7 

5.0 

4.6" 

5.5" 

-1.5" 

GaSb 

14.7 

7.5 

6.0 

5.0 

-1.5" 

InP 

8.5 

i,y 

4.6" 

6.8" 

1,8" 

InAs 

10.15 

7.0 

3:5" 

4.8" 

-0.02" 

InSb 

15,5 

8.5 

a 

6.0 

8.3" 

-l.P' 

ZnSe 

7.0 

*2.5" 

-0.3" 

L4" 

-2.0" 

^Reference  20. 

’’R.-D.  Hong,  S.  Lee,  and  J.  D.  Dow  (unpublished). 

^Reference  21.  All  other  experimental  values  are  those  cited  in  Ref.  20. 


k',  =i9^(u;Jimpufity)  — lu^ihost))  , 
K^=^^(u;^(impurity)-u;^(host))  , 
and 


where  the  energies  W/d  =s  or  p)  are  atomic-orbital  ener¬ 
gies  in  the  solid,*''  and  and  are  constants  (0.8  and 
0.6,  respectively-).  These  approximations  to  the  defect- 
potential  matrix  of  a  specific  impurity,  are  needed  to 
as.sociate  a  particular  deep-level  energy  E  or  pre.ssure 
derivative  dE/dp  with  the  impurity.  They  are  not  neces¬ 
sary  to  obtain  a  relationship  between  dE/dp  and  £,  how¬ 
ever,  because  this  relationship  depends  only  on  the  ex¬ 
istence  of  such  a  matrix  not  on  our  ability  to  accurate¬ 
ly  predict  the  numerical  values  of  its  matrix  elements. 

Hydrostatic  pre.ssure  does  not  aflTeci  the  defect  poten¬ 
tial  within  the  context  of  the  Hjalmarson  model,  because 
the  defect  potential  does  not  depend  on  the  bond  length. 
It  does  alter  the  off-diagonal  two-center  matrix  elements 
of  the  host  Hamiltonian  //q,  however,  because  these  ma¬ 
trix  elements  depend  on  the  bond  length  d: 

Here,  Hfj*  and  //,/.  (/,/'=.y,  p,  and  .?*)  are  the  off- 
diagonal  matrix  elements  corresponding  to  the  bond 
lengths  and  dy  respectively,  rfo  is  the  zero-pressure 
bond  length;  the  finite-pressure  bond  length  d  is  obtained 
from  the  hydrostatic  pressure  p  by  using  Murnaghan's*** 
equation  of  state 

p  =[B,,/(dB^,/dp)][(d^,/d)^'“'"''^''- 1 ) : 

and  are  exponents  with  values  near  2,  according  to 
both  Harrison*^  and  VogI  e/  We  have  obtained,  by 
trial  and  error,  sets  of  exponents  r/^  ^  that  reproduce  rath¬ 
er  well  the  ob.served  deformation  potentials  or 


hydrostatic-pressure  derivatives  of  the  band  gaps  at  f,  Xy 
and  L  symmetry  points  of  the  Brillouin  zone.  The  ex¬ 
ponents  7// /.  are  presented  in  Table  1,  and  the  experimen¬ 
tal  pressure  coefficients  used  to  determine  them  are  given 
in  Table  II.-***^* 

IIL  RESULTS 

For  the  tetrahedral  ( )  .symmetry  of  zinc-blende  semi¬ 
conductors,  the  secular  determinant  reduces  to  two  scalar 
equations,  one  fori:-like  /i| -symmetry  deep  levels, 

(F,)-''=  2  I  {s,b,0\^,X)\-/[E-E{k,X)]  , 

and  another  for  p-like  T2  levels, 

\<P,b,Q\k,k)\^/[E-E{k,k)]  . 

We  evaluate  the  sums  using  the  special-points  method^- 
for  fixed  £,  and  then  graphically  determine  the  defect  po¬ 
tentials  V  that  produce  a  level  at  that  energy.  This  pro¬ 
cess  is  repealed  for  the  pressurized  semiconductor  to  ob¬ 
tain  dE/dp  versus  V  also.  Then  the  defect  potential  k'is 
eliminated  to  yield  dE/dp  as  function  of  £. 

It  should  be  emphasized  that  there  are  two  levels  of  ap¬ 
proximation  in  the  theory  for  the  defect-potential  matrix 
V\  (i)  the  diagonal  form  (with  arbitrary  matrix  elements 
and  which  is  the  only  approximation  entering  into 
the  determination  of  dE/dp  as  a  function  of  £,  and  intro¬ 
duces  a  small  theoretical  uncerlai':»\  of  ^0.5  meV/kbar 
into  dE/dp;^^  and  (ii)  the  expressions  of  and  in 
terms  of  atomic  energies,  which  are  necessary  to  a.ssociate 
a  deep  level  E  with  a  particular  impurity  (or  defect  poten¬ 
tial)  and  introduce  an  uncertainty  in  E  of  about  '^0.3  eV. 
Thus,  the  uncertainty  in  dE/dp  as  a  function  of  Vy  which 
is  the  combination  of  these  two  uncertainties,  is  consider¬ 
ably  larger  than  the  uncertainty  m  dE/dp  as  a  function 
of  E  (by  typically  a  factor  of  4,  as  can  be  deduced,  for  e.v 
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ample,  from  Fig.  2).  Thus,  although  the  uncertainty  in  E 
for  a  particular  defect  is  comparable  with  iKe  band  gap  of 
InSb  and  the  uncertainty  in  dE/dp  for  that  defect  is  a 
significant  fraction  of  the  predicted  range  of  possible 
values  for  dE/dp,  the  uncertainty  in  dE/dp  for  a  purlieu- 
lar  level  E  is  considerably  smaller,  and  so  that  relation¬ 
ship  can  be  used  to  determine  the  symmetry  of  the  deep 
level  and  the  site  of  its  parent  impurity,  even  though 
unambiguous  determination  of  the  defect,  namely,  highly 
accurate  determination  of  EiV),  is  not  possible.  Here  we 
exploit  this  fact  and  note  that  similar  elimination  of  the 
defect  potential  from  the  theory  of  ENDOR  and  ESR 
spectra  of  deep  levels  produced  successful  and  accurate 
theories.^ 

The  theoretical  uncertainty  of  -*0.5  meV/kbar  in 
dE/dp  was  first  arrived  at''  by  varying  the  major  ele¬ 
ments  of  the  theory,  such  as  the  tight-binding  matrix  ele¬ 
ments  and  exponents  77,  over  the  range  of  reasonable  pos¬ 
sibilities.  It  has  been  borne  out  by  experiments  for  the 
/Ij  deep  level  of  a  impurity  on  an  anion  site  in  GaP 
(Refs.  12  and  23)  and  in  GaAs  (Ref.  24),  which  have  ex¬ 
hibited  the  predicted  pressure  coefficients  dE/dp.  The 
theory  can  rather  accurately  predict  a  derivative  dE/dp 
associated  with  a  deep  level  E,  even  though  it  cannot  ac¬ 
curately  assign  an  impurity  to  a  given  energy. 

.  Since  the  relationship  dE/dp  versus  E  depends  on  the 
site  of  the  impurity  and  the  symmetry  of  its  deep  level, 
comparison  of  data  for  dE/dp  and  E  with  theory  can 
yield  the  site  of  the  impurity  and  the  symmetry  of  its 
deep  level.  Once  the  site  and  the  symmetry  arc  known, 
the  number  of  candidates  for  producing  such  a  level  E  (to 
within  a  few  tenths  of  an  eV)  is  greatly  reduced. 

We  illustrate  this  point  for  deep  levels  in  InSb,  a  ma- 


Ir^Sb 


1‘IG.  2.  Pressure  coefiicients  <lE/dp  \\\  u\cV/khar  for  deep 
defect  levels  m  InSb  as  functions  of  thci  energies  E  (in  eV)  in 
the  band  gap.  The  predicted  values  of  dE/dp  and  E  for  specific 
impurities  on  particjiar  sites  arc  indicated  by  circles.  C)n  tlie 
sides  of  the  figure  are  impurities  expected  10  pioducc  deep  levels 
in  the  host  bands,  but  within  0.3  eV  of  the  gap.  The  boxed, 
shaded  region  corresponds  to  data  of  Aladashvili  ci  ai  (Ref. 
25). 


terial  whose  band  gap.  is  .smaller  ihan  the  theoretical  un¬ 
certainty.  The  predicted  pressure  derivatives  dE/dp  Vir. 
given  in  Fig.  2  as  functions  of  the  deep-level  energ1e.s  ‘£. 
(The  estimated  theoretical  uncertainty  in  dt'/dp  is 
roughly  0.5  meV/kbar.)  Tnc  impurities  associated 
theoretically  with  the  deep  levels  E  arc  al.so  displayed  on 
each  curve — although  this  association  is  limited  by  a 
few-tenlh.s-of-an-eV  theoretical  uncertainty  in  the  energy 
E  of  the  deep  level  associated  with  a  specific  impurity. 
Therefore  we  have  shown  on  the  sides  of  the  figure  tlmse 
impurities  (including  the  vacancy,  denoted  Va)  that 
might  have  deep  levels  in  the  band  gap  if  the  theory’s 
deep-level  predictions  were  altered  by  0.3  eV.  We  have 
considered  as  impurities  the  atoms  from  columns  IIB  and 
III-VIII  of  the  Periodic  Table,  as  well  as  Li,  Na,  K,  Rb, 
Be,  and  Mg. 

To  illustrate  how  the  theory  can  be  applied  to  identify 
deep  impurities,  consider  the  deep  levels  ob.served  by  Ala¬ 
dashvili  et  near  0. 15  eV  in  InSb,  with  pressure 
derivatives  of  —  I  meV/kbar.  These  levels  (see  Fig.  2) 
correspond  to  either  In-site  levels  or  In-site  /I,  levels 
within  the  uncertainty  of  0.5  meV/kbar,  However,  no 
In-site  Ti  levels  lie  at  such  energies,  to  within  •^■0.3  eV, 
indicating  that  the  only  candidates  from  the  .set  of  and 
/7-bonded  substitutional  impurities  for  producing  these 
levels  are  the  In-site  A  \  levels:  S,  Rn,  Se,  I,  At,  C.  Te,  P, 
As,  Po,  Sb,  Ge,  Bi,  and  Si.  Thus  \vc  have  reduced  the 
possibilities  to  some  impurities  from  Columns  IV,  V,  and 
VI  of  the  Periodic  Table  on  the  in  site,  producing  Ay- 
symmetric  levels. 

Two  of  these  defects  are  very  likely  to  be  present  in 
InSb;  C  and  Sb.  While  C  is  very  likely  more  soluble  on 
the  In  site  tban  Sb,  the  native  aniisite  defect  should  also 
be  easily  formed.  In  this  regard,  we  note  that  the  concen¬ 
tration  of  aniisite  defects  should  be  greatly  increa.scd  by 
radiation  damage,  and  so  such  studies  of  Aladashvili’s 
deep  levels  should  permit  identification  of  the  deep  im¬ 
purity,  if  it  is  indeed  an  antisite  defect. 

The  observation  of  several  deep  levels  near  0. 1  eV 
probably  is  due  either  to  the  defects  being  clustered  in 
complexes,  or  to  there  being  different  impurities,  such  as 
C  and  Sb  with  nearly  equal  deep-level  energies. 

In  any  case,  this  illustration  for  InSb  shows  how 
h,.drostaiic-prc.ssure  data,  when  combined  with  deep- 
level  data,  can  determine  the  site  of  the  impurity  and  the 
symmetry  of  the  deep  level,  while  simultaneously  restrict¬ 
ing  the  candidates  for  producing  the  deep  level  to  a  few 
impurities. 

The  predictions  for  deep  impurities  for  other  zinc- 
blende  Semico  jctors  are  given  in  Figs.  3-I3.  For  the 
most  part  we  ,'iid  dE/dp  larger  for  cation-siie  levels  than 
for  anion-site  levels,  although  this  .situation  can  be  re¬ 
versed  for  some  (e.specially  symmetric)  levels  if  the 
levels  are  very  near  the  conduction-band  edge. 

We  can  understand  these  calculated  results  qualitative¬ 
ly  by  using  a  defect-molecule  model,  as  shov  n  in  Fig.  I4. 
In  Fig.  14(a)  are  shown  the  In  and  Sb  atomic  energy  lev¬ 
els.  After  .solid  InSb  is  formed,  the  atomic  energy  levels 
become  levels  in  the  solid,  as  depicted  in  Fig.  14(b),  and 
their  ordering  is  different  f  om  in  the  free  atoms,  due  to 
interaction  between  atoms  Under  hydrostaiii  compres- 
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FIG.  3.  Pressure  coelTxicnts  dE/dp  in  meV/kbar  for  deep 
defect  levels  in  InAs  as  functions  of  their  energies  E  (in  eV)  in 
the  band  gap. 


FIG.  Pressure  coefficients  dE/dp  in  meV/kbar  for  deep 
defect  levels  in  InP  as  functions  of  their  energies  E  (in  eVi  in  the 
band  gap. 


FIG.  5.  Pressure  coefficients  dE/dp  in  meV/kbar  for  deep 
defect  levels  in  GaSb  as  functions  of  their  energies  E  (in  eVt  in 
the  band  gap. 


FIG.  6.  Pressure  coefficients  dE/dp  in  meV/kbar  for  deep 
defect  levels  in  GaAs  as  functions  of  their  energies  E  (In  eV)  in 
the  band  gap. 


FIG.  7.  Pressure  coefficients  dE/dp  in.meV/kbar  for  deep 
defect  levels  in  GaP  as  functions  of  their  energies  E  (in  eV)  in 
the  band  gap. 
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FIG.  8.  Pressure  coefficients  dE/dp  in  meV/k^ar  for  deep 
defect  levels  in  AlSb  as  functions  of  their  energies  E  4in  eV)  m 
the  band  gap. 
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FIG,  9,  Pressure  cocfllicicni.s  (IE /dp  in  incV/kbjir  lor  deep 
defect  levels  in  AlAs  as  functions  of  ibcir  energies  E  (In  eVi  in 
the  band  gup. 
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FIG.  10.  Pressure  coelficicnis  dE/dp  In  nicV/kbar  for  u^cp 
defect  levels  in  AlP  as  functions  of  their  energies  AMin  cV)  in  the 
bund  gap. 


van  Energy  (eV)  cBM 

FIG.  M  Pressure  tviellkitnis  AE/dp  in  nitV/kbai  for  deep 
defect  lex  els  in  XiiSe  us  rune  t  ions  of  iIkii  eiieigies  E  iiu  eVi  m 
the  bund  gup. 


FIG,  12.  Pressure  cocfficienF  dE/dpAu  meV/kbur  for  deep 
defect  levels  in  Si  us  functions  of  their  energies  E  (in  eV)  in  the 
bund  gup. 


sion,  the  interaction  between  atoms  increases,  and  the 
levels  .shift  as  shown  by  arrows  in  Fig.  14(b).  (In  the 
solid,  these  energy  levels  are  energy  levels  of  a  defect  mol¬ 
ecule  consisting  of  one  atom  and  its  four  nearest 
neighbors— and  .so  the  levels  should  be  thought  of  quali¬ 
tatively  as  representing  the  center  of  gravity  of  the  corre¬ 
sponding  partial  densities  of  slates.)  The  In  Ty  level  must 
move  up  in  energy  and  the  Sb  /f|  lexel  must  go  down, 
due  to  level  repulsion.  The  nearest-neighbor  coupling 
(liciaics  that  level  repulsion  cause  the  In  /I,  level  to 
move  up — in  the  opposite  direction  ofSb  /Ij.  Similarly, 
the  Sb  7\  level  moves  to  lower  energy.  Since  the 
valence-band  ma.ximum  has  predominantly  Sb  Ty  charac¬ 
ter  and  is  taken  to  be  the  zero  of  energy,  the  pressure 
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I IG.  13.  Pressure  uielTitieiUs  AE/dp  in  meV/kbar  for  deep 
defect  levels  in  Gc  as  functions  vif  lhe*ir  energies  h  tin  eVi  in  ilie‘ 
bund  gup. 
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(a)  Atom  Cb) Solid 

FIG.  14.  Defect^molecule  model  foi  InSb.  la)  Atomic  energy 
levels  and  p  orbitals)  for  In  and  Sh.  (b)  In  the  zinc-blende 
crystal  symmetry,  the  atomic  energy  hvels  form  singlet  .4|  lev. 
els  and  triplet  Ti  levels,  The  shaded  region  is  approximately 
the  band  gap  of  InSb.  The  arrows  indicate  the  expected  dircc- 
tions  of  movement  of  these  host  levels  land  the  impurity  levels 
derived  from  them)  when  hydrostatic  compression  is  applied  to 
the  InSb  crystal. 


coefficient  of  the  Sb  T,  levels  are  small  in  magnitude. 
The  In-sile  .4  ^symmetric  impurity  levels  in  the  band  gap 
have  a  larger  pressure  dependence  than  In-siie  'A  levels, 
because  the  /I,  host  levels  are  closer  to  the  gap  and 
hence  repel  impurity  levels  more.  These  general  rules 
normally  govern  the  pressure  dependencies  of  the  deep 
impurity  levels — although  they  are  sufficiently  qualiia* 
live  in  character  that  exceptions  to  them  are  to  be  expect¬ 
ed. 

In  summary,  we  have  predicted  the  hydrostatic- 
pressure  dependencies  of  deep  levels  in  12  semiconduc¬ 
tors  and  have  shosvn  how  pressure  data  can  be  analyzed 
to  yield  the  site  of  the  deep  impurity,  the  symmetry  of  the 
deep  level,  and  either  the  impurity  itself  or  a  handful  of 
candidates  likely  to  be  the  impurity  responsible  for  the 
deep  level. 
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Dependence  on  uniaxial  stress  of  deep  levels  in  III-V  compound 
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The  uniaxial-stress  dependences  of  substitutional  s-  and  p-bonded  deep  impurity  levels  in  the 
semiconductors  AlP,  AlAs,  AlSb,  GaP,  GaAs,  GaSb,  InP,  InAs,  InSb,  Si,  and  Ge  are  studied 
theoretically  for  stresses  applied  along  the  (KX)],  (1 10],  and  {III]  directions.  We  find  that  stress  ap¬ 
plied  along  the  (110)  direction,  in  particular,  causes  splittings  and  shifts  of  deep  levels  associated 
with  a  point  defect  that  can  be  used  (i)  to  determine  uniquely  the  symmetries  of  the  levels  (s-like  or 
p-like)  and  (ii)  to  identify  the  site  (anion  or  cation)  of  the  associated  impurity. 


I.  INTRODUCTION 

Substitutional  defects  in  semiconductors  give  rise  to  lo¬ 
calized  states  with  energy  levels  often  lying  deep  in  the 
fundamental  energy-band  gap.  Given  experimental  evi¬ 
dence  of  such  a  level,  it  is  difficult  to  associate  the  level 
with  a  specific  impurity,  based  on  the  energy  of  the  level 
alone,  due  to  the  hostiike  nature  of  substitutional  impuri¬ 
ty  states.  Although  different  impurities  have  defect  po¬ 
tentials  that  differ  by  typically  1  to  10  eV,'  tbsir  deep- 
level  wave  functions  are  antibonding  and  hostlike  in  char¬ 
acter,  with  very  little  amplitude  in  the  impurity  cell.  As 
a  result  their  wave  functions  depend  very  little  on  the  im¬ 
purity  and  h.’ice  the  deep  energy  levels  of  different  im¬ 
purities  often  lie  within  a  few  tenths  of  an  eV  of  one 
another. 

Since,  to  a  good  approximation,  the  wave  functions  of 
an  i-like  ( | )  or  p-like  (Tj )  deep  level  associated  with  an 
impurity  on  a  specific  site  (anion  or  cation)  is  independent 
of  the  impurity,'  it  i«  very  difficult  to  perform  an  electron¬ 
ic  experiment  on  a  deep  level  that  will  identify  the  impur¬ 
ity  re.sponsible  for  it.  Experiments  that  probe  the  core 
[such  as  extended  x-ray-absorption  fine  structure  (EX- 
AFS)  (Ref.  3)]  or  the  nucleus  (such  as  electron-nuclear 
double  resonance  (ENDOR)  (Ref.  4)]  are  needed  for  such 
identification.  Nevertheless,  as  we  show  here,  electronic 
experiments  that  probe  the  deep  level’s  energy  or  wave 
function  can  determine  the  'ite  of  the  associated  defect 
and  the  symmetry  of  its  deep  level,  and,  when  informa¬ 
tion  from  several  such  electronic  experiments  is  com¬ 
bined,  it  is  often  possible  to  eliminate  alt  but  a  few  impur¬ 
ities  as  candidates  .‘or  producing  the  level. 

In  this  paper  we  predict  ihe  uniaxial  stress  depen¬ 
dences  of  deep  levels  in  semiconductors  and  show  how 
these  dependences  can  be  used  to  facilitate  the  associa¬ 
tion  of  specific  in'puri'ies  with  obser\ed  deep  levels.  We 
treat  s-  and  p-bonded  substitutional  impurities  in  the 
semiconduciors  AIR,  AlAs,  AlSb,  GaP,  GaAs,  GaSb, 
InP,  InAs,  InSb,  Si,  and  Ge,  with  the  ap;-'">'‘  stress  in  the 
[100],  [1 10],  and  [1 1 1]  directions. 

Deep  impurity  states  are  Jue  to  the  central-cell  poten¬ 
tial  and  are  fundamentally  different  from  the  well-known 


shallow  levels  described  by  effective-mass  theory.^  Under 
hydrostatic  pressure,  the  shallow  levels  tend  to  follow  the 
associated  band  edge:^  the  levels  shift  in  energy  an 
amount  roughly  equal  to  the  shift  in  the  associated  band 
edge.  In  contrast,  deep  levels  do  not  follow  the  band 
edge.  For  example,  Wolford  ei  al.^  have  shown  that  the 
conduction-band  edge  in  GaAs  rises  faster  in  energy  un¬ 
der  hydrostatic  pressure  than  the  N  deep  level.  At  zero 
pressure  this  level  is  actually  resonant  with  the  conduc¬ 
tion  band  and  emerges  into  the  fundamental  energy-band 
gap  at  a  pressure  of  22  kbar.  The  level  clearly  does  not 
follow  the  conduction-band  edge  and  so  is  necessarily  a 
deep  level.  (Here,  we  use  the  new  definition  of  a  deep  lev¬ 
el'  as  one  caused  by  the  defect’s  central-cell  potential, 
and  not  the  old  definition:  a  level  more  than  0.1  eV  deep 
in  the  gap.  As  a  result,  we  term  the  s-like  N  /fj- 
symmctric  level  in  GaAs  deep,  although  it  lies  above  the 
conduction-band  edge.) 

Hydrostatic-pressure  measurements  car  confirm  that  a 
level  is  not  attached  to  any  nearb..  band  edge,  and  there¬ 
fore  is  indeed  deep.  Moreover,  Ren  et  al,*  and  Hong 
et  al.’^  have  .shown  that  quantitative  analy.ses  of  such 
measurements  can  determine  the  site,  anion  or  cation, 
and  the  symmetry,  Af  (s-like)  or  Tj  i"-like),  for  some, 
but  not  all,  deep  levels.  In  contrast  to  hydrostatic  pres¬ 
sure,  which  merely  shifts  the  energies  of  the  deep  levels, 
uniaxial  stress  cju.<>es  Fj-symmetric  deep  levels  to  split, 
while  the  orbitally  nondegenerate  A  |  levels  shift.  Hence 
uniaxial  stress  can  be  even  better  than  hydrostatic  pres¬ 
sure  for  determining  the  symmetry  of  a  deep  level.  More¬ 
over,  the  size  of  the  uniaxial-stress-induced  splittings  de¬ 
pends  both  on  the  site  of  the  impurity  and  on  the  magni¬ 
tude  and  direction  (relative  to  the  crystal  axesi  of  the  ap¬ 
plied  stress.  Hence,  analyses  of  stress-induced  deep-level 
splittings  can  help  determine  not  only  the  symmetry  of 
the  level,  but  also  whether  the  impurity  is  on  the  anion  or 
the  cation  site. 

II.  THEORY 

Our  calculatici  of  the  depende.icies  on  uniaxial  stress 
of  deep  levels  are  based  on  the  theory  of  Hjalmarson 
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et  al,^  and  extensions  of  those  theories  by  Ren  et  al,^ 
Our  basic  approach  is  to  construct  an  empirical  tight* 
binding  Hamiltonian  fo  the  stressed  semiconductor, 
based  on  the  ideas  of  VogI  et  qL  In  order  to  do  this  we 
must  first  determine  how  a  particular  uniaxial  stress 
changes  bond  lengths  in  the  semiconductor.  We  consider 
two  types  of  stress-induced  changes  of  atomic  positions 
and  bond  lengths:  (i)  If  there  is  not  a  shear  strain,  the 
changes  of  the  relative  positions  of  all  the  atoms  in  the 
crystal  are  given  simply  by  first-order  elasticity  theory,*’ 
and  (iij  if  there  is  a  shear  strain,  ‘‘internal  displace¬ 
ments’*'*  must  also  be  considered. 

In  terms  of  first-order  elasticity  theory,  the  change  in 
the  X  coordinate  of  an  atom  initially  at  position 
r=^Uo,>^o*-*^o)  relative  to  the  origin  is 

Ax=/>|(c,2-(c,|+2C|2)ni]xo/(c,,+2c|2l(c,,.rC|2) 

""/i^/i^yQ/2c44  *“/j^njZQ/2c44 1  1  (1) 

where  Cn  and  C|2  are  the  longitudinal  and  transverse 
elastic  constants  and  C44  is  the  shear  elastic  constant. 
Similar  expressions  hold  for  other  components  af  the  dis¬ 
placement  Ar.’^  Here,  the  stress  is 

?=P(n^,ny,ni) ,  (2) 

where  P  is  the  magnitude  of  the  applied  force  per  unit 
area  and  are  the  cosines  defining  the  direction  of 

the  applied  stress. 

Under  uniaxial  stress,  the  Qrillouin  zone  in  momentum 
space  also  changes  due  to  changes  in  the  atomic  posi¬ 
tions.  In  terms  of  first-order  elasticity  theory,  the  change 
in  the  ;r  component  of  the  wave  vector  k=(  A- A- )  is 


A/C;,  —  P(((C||  +  2C|2  In/  C|2  J/:” /(C||  +2ci2  )(C||  —  C12 ) 

+  n^nyk'^/2c^i-rn^n.k'J/2Ci4  \  .  (3) 

Similar  expressions  hold  for  o.her  components  of  the  dis¬ 
placement  Ak. 

Elasticity  theory  adequately  describes  the  change  in 
positions,  due  to  applied  stress,  of  all  the  atoms  in  the 
semiconductor  except  for  the  atom  at  ''ic  origin  [see  Eq. 
(I)].  Kleinman'^  pointed  out  that  if  we  choose  the  origin 
at  the  unstrained  position  of  an  atom,  thai  atom  moves  a 
distance  proportional  to  the  applied  stress  P,  when  the 
stress  invo’vcs  shear,  as  is  the  case  for  pressures  directed 
along  the  [1 10)  or  [1 11]  axes  (but  not  for  the  [100]  stress). 
Segmuller  and  Neyer  confirmed  KIcinman’s  internal- 
displacement  prediction  for  [1 1 1]  stre.ss  in  Ge  and  Si  (see 
Figs.  1-3).'*  Under  [III]  stress,  the  internal  displace¬ 
ment  is  ( I,  I,  I  )/12c44,  where  P  is  the  magni.ude 

of  the  stre.ss,  044  is  the  elastic  constant  for  shear  strains, 
ai_  is  the  lattice  constant,  and  f  is  Kleinman's  internal- 
displacement  paramctei'"  (Fig.  3).  Under  [110]  stress, 
the  intern:*.!  displacemei.t  is  -gFa^tO.0, 1  ),''8c44. 

Harriso*;  has  calculated  Kleinman’s  parameter  for  a 
number  of  zinc-blende  III-V  compound  and  group-lV  ele¬ 
mental  setiiiconductors,  and  has  found  all  to  be  close  to 
0.6.'^  Th'ab  we  take  ^=0.6  for  all  semiconductors  studied 
here.  We  then  compute  the  nearest-neighbor  bond 
lengths  d  given  in  Table  1  'see  Figs.  1-3),  including  both 
the  effects  of  first-order  elasticity  theory  and  internal- 
displacement  theory. 

With  the  stress-perturbed  bond  lengths  determined 
from  first-order  elasticity  theory  and  internal- 
displacement  theory,  it  is  possible  to  construct  an  empiri¬ 
cal  tight-binding  Hamiltonian  for  the  stressed  semicon- 


TABLE  I.  Relative  change  in  bond  lengths,  </Mi,  between  atoms  at  the  origin  Izero*Mressl  and  the 
nearest-neighbor  atoms  in  a  /inc-blende  crystal  structure  under  stress  applied  in  the  (100],  (110],  and 
[111]  directions  (see  Figs,  1-3).  The  bulk  modulus  is  defined  in  elasticity  theory  by  B-iCu  t2cp)/3 

Stress 

Zero-stress  position 

Relatis.^  change  in 

direction 

of  neighbor 

bond  length  d/d.t 

(100) 

itYd.l.l) 

i\-p/^in 

[KXJ] 

ia,.(l.-l.-l) 

{\-pm) 

[ICO) 

iot(-l.l.-l) 

[100] 

|u,(-l.-l.l) 

{\-p/m 

(110) 

|a.(  1,1.1) 

(l-(/'/<)«)|l-i-.,/)[(l-C)/2c44)!) 

[110) 

tO/.‘I*-i.-i» 

(!-(/’ /'lff)|l-3S|(l-i:)/2r44]:) 

(110) 

[a, (-1. 1,-1) 

( 1  -(/»/')/))!  1  -3/?((  1  -?>/2c44  )| ) 

(110) 

;«/(-  l.-l.l) 

{ 1  -(/'/')«))  1  +  3/)[{  1  -?)/2c44)1) 

(111) 

i«,il.l.l) 

(.  -(F/')fllll  +  3«((l-i:)/f44)l) 

(111) 

Id, (1. -1,-1) 

(i-(/’/9B)ii-z/['i-ri:)/c44!:) 

[111] 

>,«-!, 1,-1) 

(i-(/’/9fl)ii-y?|(i-Pi:)/c44)() 

[111] 

!d.(  -1.-  1,1) 

(1  l/’/9//»ll-fl(ll-rp/c-44)|) 
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FIG.  1.  Schematic  illustration  of  change  of  atomic  positions 
of  an  impurity  and  its  neighbors^  induced  by  uniaxial  stress  in 
the  [100]  direction.  Solid  (dashed)  circles  are  the  positions  of 
atoms  under  zero  (finite)  stress.  Each  of  the  neighbors  shift 
closer  to  the  impurity,  by  the  same  distance.  Each  neighbor 
''.Iso  shifts  closer  to  another  neighbor.  The  impurity  docs  not 
move  under  (lOOj  applied  stress.  The  stress  causes  p*like  Ti  m- 
purity  levels  to  split;  one  state,  bit  is  directed  along  the  stress 
direction  and  the  other  two  states  (not  shown)  are  perpendicular 
to  the  stress  direction. 


110 


finite 


FIG.  2.  Schematic  illustration  of  change  of  atomic  positions 
of  an  impurity  and  its  neighbors,  induced  by  uniaxial  stress  in 
the  [110]  direction.  Solid  *.dashed)  circles  are  the  positions  of 
atoms  under  zero  (finite)  stress.  Two  of  the  neighbors  shift 
closer  to  the  Impurity  by  the  same  distance  and  the  other  two 
neighbors  shift  very  little.  The  two  neighbors  that  shift  also 
shift  closer  to  each  other.  The  impurity  displaces  in  the  (001) 
direction  (see  text).  The  stress  causes  p-Iike  Ti  impurity  levels 
to  split:  one  state,  ^2>  ts  directed  along  the  stress  direction  and 
two  states  are  directed  perpendicular  to  the  stress — Ci  is  direct¬ 
ed  along  the  [(X)l]  direction  and  by  is  (not  shown)  directed  along 
the  [iTO]  direction. 


Ill 


FIG.  3.  Schematic  illustration  of  change  of  atomic  positions 
of  an  impurity  and  its  neighbors,  induced  by  unM.sial  stress  in 
the  [111]  direction.  Solid  (dashed)  circles  are  the  positions  of 
atoms  under  zero  (finite)  stress.  One  neighbor  sh-fts  closer  to 
the  impurity..  The  other  three  neighbors. shift  slightly  further 
from  the  impurity  and  further  from  each  other.  The  impurity 
displaces  in  the  (TTTj  direction  (see  text).  The  stress  causes  p- 
like  Ti  impurity  levels  to  split;  one  state,  O),  is  directed  along 
the  stress  direction  and  two  states,  e  (not  shown),  are  directed 
perpendicular  to  the  stress. 

ductor.  Following  the  ideas  of  Slater  and  Kester,’*  Har* 
rison,”  and  Vogl  et  we;  use  a  ten-band,  nearest- 
neighbor  model  to  treat  the  electronic  structure,  with  an 
sp^s*  orbital  basis  centered  on  each  atomic  site.  (The  sp^ 
basis  is  needed  to  reproduce  the  chemistry  of  the  covalent 
bonding;  the  additional  orbital,  s*,  is  required  to  yield 
indirect-gap  band  structure's,  such  as  those  of  Si  and 
GaP.)  In  the  zero-stress  case  the  model  is  the  same  as 
that  of  Vogl  et  ai,  and  has  the  property  that  the  diagonal 
(on-site)  matrix  elements  depend  on  the  atomic  energies, 
but  not  on  the  bond  lengths.  Thus  we  assume  that  stress 
does  not  alter  the  Hamiltonian's  on-site  matri.x  elements, 
but  that  the  stress-induced  bond-angle  distortions  and 
bond-length  changes  can  be  incorporated  into  the  off- 
diagonal  matrix  elements  of  the  Vogl  Hamiltonian  by  us¬ 
ing  the  Slater-Koster  definitions'*  of  these  matrix  ele¬ 
ments  and  a  generalization  of  Harrison’s  rule'’  for  their 
dependence  on  bond  length:  for  the  matrix  element  be¬ 
tween  s  and  p,  states  on  neighboring  states  we  have 

(cos(9)/cos(0o)](«/o/‘^)’’‘-'’  .  W) 

with  similar  expressions  .‘or  the  dependences  of  the  other 
off-diagonal  matrix  elements  on  d  and  0.  Here  and  d 
are  the  zero-  and  finite-stress  bond  lengths;  dg  and  0  are 
the  zero-  and  finite-stress  bond  angles  relative  to  the  crys¬ 
tal  axes,  and  is  the  zero-stress  matrix  element.  The 

coefficients  Tjag  were  fitted  previously®’’  to  the 
hydrostatic-pressure  dependences  of  the  energy-band  gap 
and  are  listed  in  Table  II.  With  these  matrix  elements  it 
is  possible  to  construct  the  Hamiltonian  Hq  for  the 
stressed  semiconductor. 
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TABLE  IL  Exponents  7/  for  the  bond-length  dependence  of  the  nearest-neighbor  matrix  elements 
(sec  Eq.  (2)]  and  elastic  constants  Cn,  C|2»  and  C44.  Exponents  arc  taken  from  Refs.  8  and  9  and  elastic 
constants  from  Ref.- 17,  unless  noted  otherwise. _ _ 


Vx.x 

V  • 

*  ,p 

Clt 

^1: 

Cxx 

AlP 

2.386 

1.637 

1.521 

1.247 

2.486 

(14.12 

6.25 

7.05)' 

AIAs 

3.205 

1.656 

2.398 

1.706 

3.214 

(9.85 

4.44 

Ags)" 

A!Sb 

2.553 

4.249 

1.192 

3.272 

4.469 

8.94 

4.43 

4.16 

GaP 

3.697 

2.804 

1.630 

2.795 

,841 

14.12 

6.25 

7.05 

GaAs 

A144 

2.341 

2.596 

2.220 

2.665 

11.81 

5.32 

5.92 

GaSb 

2.719 

2.923 

2.119 

1.172 

3.891 

8.84 

4.03 

4.32 

InP 

3.100 

4.443 

3.049 

2.366 

1.207 

10.22 

5.76 

4.60 

InAs 

2.539 

2.812 

3.757 

2.825 

3.014 

8.33 

4.53 

3.96 

InSb 

4.012 

2.987 

2.533 

2.751 

3.134 

6.67 

3.65 

3.02 

Si 

3.000 

1.600 

ih.5 

2.600 

3.327 

16.57 

6.39 

7.96 

Gc 

4.400 

2.400 

2.300 

2.500 

3.982 

12.89 

4.83 

6.71 

'Elastic  constants  for  AlP  arc  taken  to  be  the  same  as  those  for  GaP.  We  arc  unaware  of  any  experi¬ 
mental  values  for  AlP. 

^’Elastic  constants  for  AlAs  are  taken  from  C  Coivard,  R.  Merlin,  M.  V.  Klein,  and  A.  C  Gossard, 
Phys.  Rev.  Lett.  45. 298  (1980). 


The  defect  levels  are  calculated  by  solving  Dyson’s 
equation, 

det(l-C7o^)=0,  (5) 

where  GqMS  the  host  Green’s  function  and  Kis  the  defect 
potential.  The  host  Green’s-function  operator  is 

Go{E)={E-Ho)~'  .  (6) 

The  defect  potential  K  is  a  diagonal  matrix  with  its 
nonzero  diagonal  matrix  elements  and  Vp  determined 
using  the  prescription  of  Hjalmarson  et  al.  *  The  impuri¬ 
ty  levels  are  computed  for  both  zero  stress  and  finite 
stress,  Stress  derivatives  are  then  computed  at  a  small 
pressure  (P=0.5  kbar).*^ 

While  we  could  plot  E  versus  or  Vp  and  (as  original¬ 
ly  predicted  by  Hjalmarson  et  aL  * )  dE /dP  versus  the  ap¬ 
propriate  Vt  thereby  predicting  both  deep  levels  and  their 
pressure  derivatives,  it  is  now  well  established  that  the 
theory  produces,  very  reliable  relationships  such  as  E 
versus  dE/dP,  whereas  its  absolute  predictions  of  energy 
levels  (£  versus  V)  are  less  reliable."  Therefore  we  plot 
dE/dP  versus  £,  while  labeling  the  lines  of  each  figure 
with  the  impurities  whose  defect  potentials  V  are  predict¬ 
ed  to  produce  deep  levels  at  the  energy  £.  The  reason 
that  the  relationships  are  so  reliable  is  that  they  can  be 
calculated  without  knowing  the  defect  potential  V  pre¬ 
cisely.  A  difference  of  only  a  few*  eV  in  the  defect  poten¬ 
tial  can  cause  a  few-tenths-of-an-eV  difference  in  an  ener¬ 
gy  level  in  the  gap,  but  the  uncertainty  in  V  does  not 
affect  the  relationship  bctw'een  dE/dP  and  £.  Deep-level 
w'ave  functions  are  typically  antibonding  and  hostlike, ^ 
and  so,  although  defect  potentials  that  produce  deep  lev¬ 
els  in  the  band  gap  may  differ  by  large  amounts,  say 
several  eV,  the  energy  levels  and  wave  functions  of  those 
deep  levels  are  much  closer  to  one  another — indicating 


that  a  theory  of  dE/dP  as  a  function  of  £  would  be  free 
of  the  relatively  large  uncertainties  (associated  with  the 
approximate  value  of  the  defect  potential  V)  to  be  found 
in  a  theory  of  dE/dP  as  a  function  of  K. 

III.  RESULTS 

The  predicted  uniaxial-stress  derivatives  dE/dP  of 
deep  levels  in  the  band  gap  of  AlAs,  for  stress  applied  in 
the  [100],  [110],  and  [111]  directions,  are  shown  in  Figs. 
4,  5,  and  6  respectively.  The  pressure  coefficients  dE/dP 
are  plotted  as  functions  of  defect  energy  level  (relative  to 
the  valence-band  edge)  for  all  5-  and  /^-bonded  impurities 
with  levels  in  the  gap.  Thest'  results  are  representative  of 
the  III-V  compound  semiconductors. 

Note  that  the  signs  and  the  magnitudes  of  the  splittings 
and  the  shifts  depend  rather  sensitively  on  the  energy  of 
the  level  in  the  gap,  on  the  site  of  the  impurity,  and  on 
the  direction  of  the  applied  stress. 

No  simple  ordering  of  pressure  derivatives  is  to  be  ex¬ 
pected.  This  is  because  the  pressure  derivatives  of  deep 
levels  are  sensitive  to  shifts  in  pressure  of  both 
conduction-  and  valence-band  den.siiics  of  states — as 
pointed  out  by  Hong  et  a/,^  for  the  case  of  hydrostatic 
pressure  (see  below.) 

A.  Symmetry 

Uniaxial  stress  shifts  the  ^-like  A ,  levels  and  splits  the 
/?-like  levels,  regardless  of  whether  the  stress  is  applied 
along  the  [100],  (1 10],  or  [1 1 1]  axes.  For  stress  along  the 
[110]  direction,  ilic  threefold  degeneracy  of  a  Ti  .state  is 
completely  removed,  whereas  in  the  [100]  and  [111] 
directions  a  threefold-degenerate  state  is  .split  into  a 
iwofold-degenen.ie  level  and  a  nondegenerate  level  (see 
below,)  This  splitting,  if  it  is  observed,  will  dustinguish  a 
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Ti  level  from  an  A  |  level.*’  However,  the  absence  of  an 
observable  splitting  is  not  conclusive  evidence  for  the  A  | 
character  of  a  level — because  the  splitting  may  be  too 
small  to  be  resolved. 

There  do  not  appear  to  be  any  general  rules  stating,  for 
example,  that  Ti  stales  associated  with  anion-site  impuri¬ 
ties  split  more  than  cation-site  impurities.  Therefore, 
while  the  splittings  may  indicate  the  symmetry  of  a  deep 
level,  quantitative  analyses  of  the  observed  splittings  may 
be  necessary  to  determine  the  site  of  the  parent  impurity. 

B,  1 -derived  states 

For  uniaxial  stress  in  any  of  the  directions  [100],  [1 10], 
or  [111],  or  for  hydrostatic  pressure,^*’  the  slates 
behave  similarly  for  all  the  semiconductors:  these  States 
exhibit  rather  small  pressure  derivatives  of  magnitude 
^  1  meV/kbar,  that  may  be  either  positive  or  negative 
(depending  on  the  site  of  the  impurity  and  the  energy  of 
the  level),  and  are  almost  the  same  for  all  deep  levels  in 
the  band  gap.  Hence,  to  a  good  approximation,  the  A^ 


FIG.  4.  Predicted  pressure  derivatives  dE/dP  (in  meV/kbar) 
vs  deep  trap  energy  E  (in  eV)  for  s-  and  p-bonded  substitutional 
point  defects  in  AlAs  with  uniaxial  stress  along  the  [100]  direc¬ 
tion.  The  upper  panel  is  for  the  /I  * -symmetric  (r-like)  states 
and  the  lower  panel  is  for  the  Ti-symmetric  (p-like)  states.  The 
predictions  for  the  cation-site  defects  are  shown  as  dashed  lines, 
the  anion-sitc  predictions  by  solid  lines.  The  impurities  predict¬ 
ed  to  produce  deep  levels  of  energy  £  are  denoted  by  circles 
(cation  site)  and  square^  (union  site),  although  allowance  should 
be  made  for  these  predictions  being  uncertain  by  a  few  tenths  of 
eV.  A  box  is  used  to  denote  several  impurity  levels  lying  close 
in  energy  (impurities  corresponding  to  the  box  are  indicated). 
Deep  levels  associated  with  the  following  impurities  are  predict¬ 
ed  to  lie  in  the  conduction  band  but  within  the  theoretical  un¬ 
certainty  of  the  band  gap:  Ai  cation  site — Ga,  In,  and  TI;  Ti 
cation  »iie — Pb,  Ga,  In,  and  TI;  A\  anion  site — C,  Te,  P,  and 
Po;  Ti  anion  site — N  and  Cl.  Similarly,  in  the  valence  band 
near  its  maximum,  one  might  find  the  following:  Ay  cation- 
site— F  and  vacancy  (Va);  Ti  cation  site — vacancy,  Hg,  K,  Na, 
Cd,  and  Li;  A]  anion  site — K,  Na,  and  Li;  Ti  anion  site — K, 
Na,  Cd,  Li,  2n,  and  Mg. 


FIG.  5.  Predicted  pressure  derivatives  dE/dP  dn  meV/kbar) 
vs  deep  trap  energy  £  (in  eV)  for  s-  and  p-bondod  bubstitutionai 
point  defects  in  AlAs  with  uniaxial  stress  along  the  [1 10]  direc¬ 
tion.  The  upper  panel  is  for  the  /t  i -symmetric  (s-like)  states 
and  the  lower  panel  is  for  the  7: -symmetric  (p-like)  states.  The 
predictions  for  the  cation-site  defects  are  shown  by  dashed  lines, 
the  anion-site  predictions  by  solid  lines.  The  impurities  predict¬ 
ed  to  produce  deep  levels  of  energy  £  are  denoted  by  circles 
(cation  site)  and  squares  (anion  site),  although  allowance  should 
be  made  for  these  predictions  being  uncertain  by  a  few  tenths  of 
eV.  A  box  is  used  to  denote  several  impurity  levels  lying  close 
in  energy  (impurities  corresponding  to  the  box  are  indicated). 
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FIG.  6.  Predicted  pressure  derivatives  dE/dP{\n  meVAbar) 
vs  deep  trap  energy  £  (in  eV)  for  s-  and  p-bonded  substitutional 
point  defects  in  AlAs  with  uniaxial  stress  along, the  [111]  direc¬ 
tion.  The  upper  panel  is  for  the  /I  i -symmetric  (^-like)  states 
and  the  lower  panel  is  for  the  Tj-symmetric  (p-like)  states.  The 
predictions  for  the  cation-site  defects  are  shown  by  dashed  lines, 
the  anion-site  predictions  by  solid  lines.  The  impurities  predict¬ 
ed  to  produce  deep  levels  of  energy  £  are  denoted  by  circles 
(cation  site)  and  squares  (anion  site),  although  allowance  should 
be  made  for  these  predictions  being  uncertain  by  a  few  tenths  of 
eV.  A  box  is  used  to  denote  several  impurity  levels  lying  close 
in  energy  (impurities  corresponding  to  the  box  are  indicated). 
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FIG,  7,  Predicted  pressure  derivati'cs  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  AJP  along  the  [100]  direction  as  in 
Fig,  4.  Deep  levels  associated  with  the  following  impurities  are 
predicted  to  lie  in  the  conduction  band,  but  within  the  theoreti¬ 
cal  uncertainty  of  the  band  gap:  A ,  cation  site — Be,  B.  Sn,  Pb, 
Ga,  In,  and  Tl;  T2  cation  site — Si,  Ge,  Sn,  Pb,  Ga,  In,  and  Tl; 
Ax  anion  site — I,  At,  C,  Tc,  As,  and  Po;  Ti  anion  site — F,  O, 
N,  and  Cl,  Similarly,  in  the  valence  band  near  its  maximum, 
one  might  find  the  following:  A  \  cation  site— vacancy,  K,  Na, 
and  Li;  Ti  cation  site — Hg,  K,  Na,  Cd,  and  Li;  A\  anion 
site — K,  Na,  and  Li;  Ti  anion  site — K,  Na,  Cd,  Li,  Zn,  and 
Mg. 
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FIG.  9.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  AlP  along  the  (1 1 1]  direction  as  in 
Fig.  6. 

sponsible  for  that  level  occupies  a  cation  site  rather  than 
an  anion  site.  Hong  et  cL’‘  have  shown  how  this  behav¬ 
ior  can  be  understood  for  InSb:  the  pressure  derivatives 
of  deep  levels  in  the  gap  of  InSb,  a  material  similar  to 
AlAs,  result  from  competition  between  the  conduction- 
band  states  repelling  the  level  downward  in  energy  and 
the  valence-band  states  pushing  the  level  upward  in  ener¬ 
gy.  The  valence  band  is  anionlike  in  character  and  shifts 


deep  levels  in  the  gap  appear  to  be  almost  “attached"  to 
the  average  valence-band  maximum:'*  when  stress  is  ap¬ 
plied,  they  move  in  energy  an  amount  comparable  (to 
within  ±1  meV/kbar)  with  the  shift  of  the  average 
valence-band  maximum. 

In  general,  dE/dP  for  an  A  \  state  of  a  given  deep-level 
energy  E  in  the  gap  is  more  positive  if  the  impurity  rc- 
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FIG.  8.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  AlP  along  the  [1 10]  direction  as  in 
Fig.  5. 
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FIG.  10,  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  AlSb  along  the  [100]  direction  as  in 
Fig.  4.  Deep  levels  associated  with  the  following  impurities  are 
predicted  to  lie  on  the  condiioiion  band,  but  within  the  theoreti¬ 
cal  uncertainty  of  the  band  gap:  Ay  cation  site — Pb.  Ga.  In, 
and  Tl;  Ti  cation  site — Bi,  Be,  B,  Si.  Ge,  Sn,  Pb,  Ga.  In,  and  Tl; 
Ay  anion  site — Po,  Sb,  Ge,  Bi,  Si,  Be,  and  D;  Ty  anion  site — F, 
O,  N,  and  Cl,  Similarly,  in  the  valence  band  near  its  maximum, 
one  might  find  the  following:  Ay  cation  site — F,  vacancy,  K, 
Na,  and  Li;  Ty  cation  site — Hg.  K,  Na,  Cd,  and  Li;  Ay  anion 
site — K,  Na,  and  Li;  Ti  anion  site — Ga,  in,  and  Tl 
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FIG.  11.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  unla.xial  stress  applied  to  AlSb  along  the  [1 10]  direction  as  in 
Fig.  5. 


to  lower  energies  under  hydrostatic  pressure,  while  the 
conduction  band  is  cationlike  in  character  and  shifts  to 
higher  energies.  An  impurity  on  an  anion  site  with  a 
deep  level  in  the  gap  will  therefore  have  an  anionlike 
response  to  pressure:  a  more  negative  pressure  derivative 
than  a  cation-site  defect  with  the  same  deep-level  energy. 

C.  72 -derived  states 

Typically  (but  not  always)  dE/dP  is  several  times 
larger  for  the  r2-derived  states  than  for  the  i4|-derived 
states:  In  general,  the  results  found  for  AlAs  are  similar 
both  to  thos»^  found  previously  for  GaAs  and  GaP  (Ref. 
2)  and  to  those  found  here  for  the  other  semiconductors. 


FIG.  13.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  GaP  along  the  (100)  direction  as  in 
Fig.  4.  Deep  levels  associated  with  the  following  impurities  arc 
predicted  to  lie  in  the  conduction  band,  but  within  the  theoreti¬ 
cal  uncertainty  of  the  band  gap:  Ax  cation  site^Be,  B,  Sn,  Pb, 
Al,  In,  and  Tl;  Ti  cation  site— Pb,  Al,  In,  Tl,  Mg,  and  Zn;  Ay 
anion  site — At.  C.  Tc,  As,  Po,  Sb,  Ge,  Bi,  and  Si;  Ti  anion 
siic—N,  O,  Cl,  and  Br.  Similarly,  in  the  valence  band  near  its 
maximum,  one  might  find  the  following:  A  |  cation  site — O,  F, 
vacancy;  Ty  cation  site— vacancy,  Hg,  K.  Na,  Cd,  and  Li;  Ay 
anion  site — K,  Na,  and  Li;  Ty  anion  site —  Li,  Zn,  and  Mg. 


/.  [100]  direction 

The  point-group  symmetry  of  a  substitutional  impurity 
in  a  zinc-blende  semiconductor  is  for  zero  stress.  For 
uniaxial  stress  applied  in  the  [100]  direction  this  symme¬ 
try  is  reduced  to  The  j-like  A  y  irreducible  repre¬ 

sentation  of  Tj  corresponds  to  an  a  j  representation  of 
The  p-like  Ti  representation  reduces  (see  Fig.  1) 


FIG.  12.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  AlSb  along  the  [1 1 1]  direction  as  in 
Fig.  6. 


FIG.  14.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  GaP  along  the  [1 10]  direction  as  in 
Fig.  5. 
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FIG.  15.  Predicted,  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  GaP  along  the  (1 1 1]  direction  as  in 
Fig.  6. 
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FIG.  17.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  GaAs  along  the  [110]  direction  as 
in  Fig.  5. 


to  a  nondegenerate  representation  (a  p-state  polarized 
along  the  [100]  direction)  and  a  doubly  degenerate  e  rep¬ 
resentation  (p  states  polarized  along  the  perpendicular 
directions  to  the  [100]).”  Typically  the  bi  states,  being 
polarized  along  the  stress  axis,  are  more  sensitive  to  the 
uniaxial  stress  than  the  e  states,  and  are  also  typically 
several  times  more  sensitive  to  stress  than  the  A  (-derived 
di  states.  (This  does  not  mean,  however,  that  experi¬ 
ments  finding  one  level  with  a  larger  derivative  dE/dP 
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FIG,  16.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  GaAs  along  the  (100)  direction  as 
in  Fig.  4.  Deep  levels  associated  with  the  following  impurities 
are  predicted  to  lie  in  the  conduction  band,  but  within  the 
theoretical  uncertainty  in  the  band  gap:  Ax  cation  site — Be,  B, 
Sn,  Pb,  Al,  In,  and  Tl;  Ti  cation  site— S,  C,  I.  Se.  P.  At.  As,  and 
Te;  A I  anion  site — Cl,  Br,  and  N;  7%  anion  site — F,  O,  and  N. 
Similarly,  in  the  valence  band  near  its  maximum,  one  might  find 
the  following:  Ay  cation  site— N,  Br.  Cl,  O,  F;  Ti  cation 
site — vacancy  and  Hg;  Ay  anion  site — K,  Na,  Li,  Hg,  and  Cd; 
7;  i»»*:on  site— K,  Na  Cd.  and  Li. 


than  another  can  automatically  assign  the  level  with  the 
large  derivative  to  72  symmetry,  because  there  are  ener¬ 
gies  for  which  the  A  y  derivative  is  larger;  a  more  careful 
analysis  is  needed.) 

Typically,  but  not  always,  the  e  level  and  the  bi  level 
split  from  one  another,  with  one  level  rising  and  one  level 
falling  in  energy.  The  level  typically  has  a  derivative 
larger  in  magnitude  than  the  e  level.  This  behavior  is  a 
consequence  of  the  following  physic.;:  hydrostatic  pres¬ 
sure  physically  is  equivalent  to  stresses  applied  simultane¬ 
ously  in  the  (100),  [010],  and  [001]  directions.  Thus  these 
levels  follow  the  simple  sum  rule*® 

■^(bj)+2^(«)  =  ^(hydrostatic).  (7) 
Concentrating  on  the  fact  that  the  uncertainty  in  the 
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FIG.  18.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  GaAs  along  the  [III]  direction  as 
in  Fig.  6. 
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FIG.  19.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  GaSb  along  the  [100]  direction  as 
in  Fig.  4.  Deep  levels  associated  with  the  following  impurities 
arc  predicted  to  lie  in  the  conduction  band,  but  within  the 
theoretical  uncertainty  of  the  band  gap:  A  \  cation  site— Be,  B, 
Sn,  Pb,  Al,  In,  and  Tl;  cation  site — S,  C,  I,  Se,  P,  At,  As,  and 
Tc;  A\  anion  site — C,  Te,  P,  As,  and  Po;  Ti  anion  site — F,  0, 
N,  and  Cl.  Similarly,  in  the  valence  band  nears  its  maximum, 
one  might  find  the  following:  Ay  cation  site— At,  I,  Se,  and  S; 
Tl  cation  site— vacancy,  Hg,  K,  Na,  and  Cd;  A\  anion  site- 
vacancy,  K,  Na,  Li,  Hg,  and  Cd;  Ti  anion  site — Hg,  K,  Na, 
and  Cd. 
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FIG.  21.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  GaSb  along  the  [111]  direction  as 
in  Fig.  6. 


eV  above  the  valence-band  maximum  in  AlAs,  a  [100] 
stress  would  have  the  same  effect  on  the  r2-derived 
cation-site  ^  states  as  the  /Ij-derived  caiion-site 

a  I  state.  Thus,  this  impurity  could  be  assigned  to  the  cat¬ 
ion  site;  however,  since  Ti  levels  may  not  split  very  much 
for  this  impurity  (see  Fig.  4),  the  symmetry  of  the  state 
could  not  be  determined  by  application  of  [100]  stress. 


t'^eory  is  of  order  1  meV/kbar  (see  the  Appendix),  one 
can  see  from  Fig.  4  that  measurements  of  the  magnitude 
dE/dP  for  a  deep  level  helps  determine  both  the  symme¬ 
try  of  the  level  and  the  site  of  the  associated  impurity,  in 
cases  such  that  the  lines  of  Fig.  4  are  separated  by  consid¬ 
erably  more  than  this  uncertainty.  Even  when  the  lines 
nearly  coincide,  for  example,  in  the  case  of  a  level  --0.3 
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FIG.  20.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  GaSb  along  the  [110]  direction  as 
in  Fig.  5. 
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FIG.  22.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  InP  along  the  [100]  direction  as  in 
Fig.  4.  Deep  levels  associated  with  the  following  impurities  are 
predicted  to  lie  in  the  conduction  band,  but  within  the  theoreti¬ 
cal  uncertainty  of  the  band  gap:  A  y  cation  site — Be,  B,  Sn,  and 
Pb;  Tl  cation  site-Br,  S,  C.  and  I;  Ay  anion  site — vacancy  and 
F;  Tl  anion  site — vacancy  and  F.  Similarly,  in  the  valence 
band  near  its  maximum,  one  might  find  the  following:  A  \  cat¬ 
ion  site — 0,  Cl,  Br,  and  N;  Tj  cation  site — vacancy  and  Hg; 
/I  I  anion  site — Zn,  Cd,  Hg,  Li,  and  Na;  Ti  anion  site — Pb,  Sn, 
Ge,  and  Si. 
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FIG.  23.  Predicted  pressure  derivatives  dE  /dP  vs  energy  E 
for  uniaxial  stress  applied  to  InP  along  the  [110]  direction  as  in 
Fig.  5. 


2.  [110]  direction 

For  stress  applied  in  the  [110]  direction,  the  orbital  de¬ 
generacy  of  the  Tj  levels  is  completely  removed  (in  con¬ 
trast  to  the  cases  of  stress  in  the  [100]  and  [111]  direc¬ 
tions,  which  leave  one  level  doubly  degenerate).  The 
point  group  of  a  [1 10]  stressed  zinc-blende  semiconductor 
is  and  the  p-like  levels  split  (see  Fig.  2)  into  lev¬ 
els  of  symmetry  c,  (a  p  state  polarized  perpendicular  to 
the  [110]  axis  and  parallel  to  the  [001]  axis),  (a  p  state 
polarized  along  the  [iTO]  direction),  and  bi  (a  p  state  po¬ 
larized  along  the  [110]-stress  direction).  The  curves 
dE/dP  versus  E  for  [110]  uniaxial  stress  are  similar  to 
those  for  [100]  stress,  with  one  important  exception:  the 
[110]  stress  completely  splits  the  Tj  levels  and  removes 
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FIG,  25.  Predicted' pressure  derivatives  dE/dP  vs  e:icrgy  E 
for  uniaxial  stress  applied  to  InAs  along  the  [100]  direction  as  in^ 
'Fig.v4.  Deep  levels  associated  with  the  following  impurities  are 
predicted  to  lie  in  the  conduction  band,  but  within  the  theoreti¬ 
cal  uncertainty  of  the  band  gap:  A ,  cation  site— C,  Te,  P,  and 
Sb;  T-i  cation  site — F,  0,  and  N;  Ay  anion  site — F,  O,  and  N; 
Ti  anion  site — vacancy  and  F.  Similarly,  in  the  valence  band 
near  its  maximum,  one  might  hnd  the  following:  Ay  cation 
site-Br,  Cl,  O.aiid  F;  cation  site — vacancy  and  Hg;  Ay 
anion  site — vacancy  and  K;  Tj  anion  site — xl;.,  xl,  In,  and  Tl. 


their  degeneracies,  This  splitting  can  be  used  as  a.signa- 
ture  of  a  Xi  level;,  thus  [1 10]-uniaxial-stress  measure? 
ments  are  likely  to  provide  , the  most  information  about 
the  symmetry  of  a  deep  level,'*’ 

The  similarity  between  the  [110]-stress  derivatives  and 
the  [100]-stress  derivatives  is  due, to  the  similarity  of  the 
strains  caused  by  the  two  types  of  stress.  Applied  stress 
along  either  direction  causes  two  neighbors  of  the  impuri¬ 
ty  to  shift  closer  to  each  other  with  angular  distortions 
and  some  compression,  of  the  bc'nds  (see  Figs.  1  and  2), 


N  S  Se  At  • 


UO.  ZnLiCdNa  *3 

‘^AXGqlnTl  o  ° 

l  -.O  . 


0.7 

Energy  CeV) 


InAs  C110] 


n  MgL^Cd  No  K  ”9 

0.0  0.2 

Energy  (eV) 


FIG.  24.  Predicted  pressure  derivatives  dE/dP  vs  energy  E  Pjq_  26.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  InP  along  the  (11 1]  direction  as  in  for  uniaxial  stress  applied  to  InAs  along  the  [110]  direction  as  in 
Fig.  6.  Fig.  5. 
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FIG.  27.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  InAs  along  the  [1 1 1]  direction  as  in 
Fig.  6. 

The  states  directed  along  the  stress,  the  bi  state  in  the 
case  of  [110]  applied  stress  and  the  62  state  in  the  case 
[100]  applied  stress,  have  quite  similar  stress  derivatives, 
as  do  the  states  directed  perpendicular  to  the  applied 
stress. 

J.  [Ill]  direction 

For  stress  along  the  [111]  direction,  a  level  splits 
into  a  doubly  degenerate  e  state  (p  states  polarized  per- 
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FIG.  28.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  InSb  along  the  [100]  direction  as  in 
Fig.  4.  Deep  levels  associated  with  the  following  impurities  are 
predicted  to  lie  in  the  conduction  band,  but  within  the  theoreti* 
cal  uncertainty  of  the  band  gap:  A 1  cation  site — Po,  Sb,  Ge,  Bi, 
and  Si;  Ti  cation  site — vacancy  and  F;  Ai  anion  site — vacancy 
and  F;  T2  anion  site — vacancy  and  F.  Similarly,  in  the  valence 
band  near  its  maximum,  one  might  find  the  following:  A  t  cat* 
ion  site—N,  S,  Sc.  and  I;  T2  cation  site— Hg,  K,  Na,  and  Cd; 
A I  anion  site — Li,  Na,  and  K;  T2  anion  site — Zn,  Li,  Cd,  and 
Na. 
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FIG.  29.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  InSb  along  the  [110]  direction  as  in 
Fig.  5. 


pend*cular  to  the  [111]  direction)  and  an  state  (a  p 
state  oriented  along  the  direction  of  the  applied  stress). 
The  point  group  is  The  situation  for  the  pressure 
derivatives  when  the  uniaxial  stress  is  applied  along  the 
[111]  direction  is  different  from  that  of  the  [100]  or  [110] 
directions.  Within  the  uncertainty  of  the  theory,  the 
curves  of  Fig.  6  never  intersect  one  another  (for  impuri¬ 
ties  on  the  same  site)  and  so  all  T2  levels  in  the  gap  are 
predicted  to  split  under  [111]  stress — for  either  the 
cation-  or  anion-site  impurities.  Stress  applied  in  the 
[111]  direction  can  always  distinguish  between  an  j-life 
A I  impurity  state  and  a  p-like  T2  impurity  state, be^ 
cause  the  Ti  states  have  sizable  splittings.  However, 
such  a  stress  can  almost  never  give  the  site  of  the  associ¬ 
ated  impurity,  because  the  states  of  the  same  symmetry 
but  associated  with  different  sites  have  similar  values  of 
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FIG.  30.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  «;ppled  to  InSb  along  the  [1 1 1]  direction  as  in 
Fig.  6. 
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FIG,  31.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  Si  along  the  (100]  direction  as  in 
Fig.  4.  Deep  levels  associated  with  the  following  impurities  are 
predicted  to  lie  in  the  conduction  band,  but  within  the  theoreti¬ 
cal  uncertainty  of  the  band  gap:  Ay — Po,  Sb,  Ge,  and  Bi; 
1\ — O,  N,  and  Cl.  Similarly  in  the  valence  band  near  its  max¬ 
imum,  one  might  find  the  following:  Ay — F and  0)7^  —  K  and 
Hg. 
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FIG.  33.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  Si  along  the  [111]  direction  as  in 
Fig.  6. 

directed  along  the  stress  and  the  e  states  perpendicular  to 
the  stress. 


dE/dP  to  within  1  meV/kbar,  the  uncertainty  of  the 
theory. 

The  [111]  stress  derivatives  dE/dP  are  quite  different 
from  the  derivatives  for  stress  applied  in  the  [100]  or 
[110]  directions.  The  strains  between  nearest  neighbors 
are  different  under  [111]  applied  stress:  the  stress  directly 
compresses  one  of  the  nearest-neighbor  bonds  and  the 
three  remaining  bonds  have  angular  distortions  and  ex¬ 
pand  slightly  (see  Fig.  3).  Because,  to  a  good  approxima¬ 
tion,  one  bond  is  compressed  while  the  other  three  are 
only  bent,  a  large  splitting  results  between  the  a  y  states 
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IV,  OTHER  MATERIALS 

The  predicted  [100]-,  [110]-,  and  [lll]-stress  depen¬ 
dences  of  deep  substitutional  impurity  levels  in  the  semi¬ 
conductors  AlP,  AlSb,  GaP,  GaAs,  GaSb,  InP,  InAs, 
InSb,  Si,  and  Ge  are  displayed  in  Figs.  7-36.^*  In  gen¬ 
eral,  the  trends  found  for  AlAs  are  also  found  in  the  de¬ 
fect  levels  for  the  remaining  zinc-blende  III-V  compound 
semiconductors. 
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FIG.  32.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  Si  along  the  [1 10]  direction  as  in 
Fig.  5. 


FIG  34.  Predicted  pressure  dcri\ativcs  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  Gc  alor.g  the  [1(X)]  direction  as  in 
Fig.  4.  Deep  levels  associated  with  the  following  impurities  are 
predicted  to  lie  in  the  conduction  band,  but  within  the  theoreti¬ 
cal  unceriatniy  of  the  band  gap:  Ay — Sb,  Bi,  and  Si;  — Cl, 
Br,  S,  C,  and  1.  Similarly,  in  the  valence  band  near  its  max¬ 
imum,  one  might  find  the  following:  Ay — O,  Cl,  Br;  Tj — K 
and  Hg. 
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FIG.  35.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  Ge  along  the  [1 10]  direction  as  in 
Fig.  5. 


V.  CONCLUSION 

We  have  exan^ined  the  uniaxial-stress  dependences  of 
deep  substitutional  impurity  levels  in  the  semiconductors 
AlP,  AlAs,  AlSb,  GaP,  GaAs^  GaSb,  InP,  InAs,  InSb,  Si, 
and  Ge,  for  stress  applied  in  the  [100],  [110],  and  [111] 
directions.  Experiments  involving  stress  in  the  [110] 
direction  should  be  superior  for  determining  the  symme¬ 
try  of  a  deep  level  and  the  site  of  its  parent  defect:  under 
[110]  stress  the  p-like  levels  should  always  exhibit 
significant  splitting,  with  two  sublevels  most  often  mov¬ 
ing  to  higher  energy  if  the  defect  occupies  the  cation  site 
or  with  two  levels  normally  falling  to  lower  energy  if  the 
defect  occupies  the  anion  site. 
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FIG.  36.  Predicted  pressure  derivatives  dE/dP  vs  energy  E 
for  uniaxial  stress  applied  to  Ge  along  the  [1 1 1]  direction  as  in 
Fig.  6. 


APPENDIX:  THEORETICAL  UNCERTAINTY 

We  estimate  the  uncertainty  in  the  theory  for  dE/dP 
to  be  —  1  meV/kbar.  The  primary  source  of  uncertainty 
can  be  traced  to  the  Green’s  function,  and  hence  to  the 
Hamiltonian  matrix  and  its  dependences  on  bond  lengths 
and  angles.  The  contribution  by  the  bond-length  depen¬ 
dence  to  the  uncertainty  has  been  thoroughly  studied  by 
Ren  et  al^  and  Hong  et  who  varied  the  Hamiltoni¬ 
an  matrix  elements  over  the  entire  range  of  reasonable 
values  and  computed  dE/dp  for  hydrostatic  pressure  p. 
They  deduced  an  uncertainty  of  0.5  meV/kbar,  an  esti¬ 
mate  that  has  proven  to  be  rather  conservative  in  analy¬ 
ses  of  data.  The  angular  dependences  of  the  matrix  ele¬ 
ments  are  fi.xed  by  symmetry,  and  so  their  contributions 
to  the  uncertainty  come  exclusively  from  the  fact  that  the 
physics  of  a  particular  nearest-neighbor  matrix  element, 
for  example,  inadvertently  contains  some  second- 
neighbor  physics.  Such  contributions  also  occur  with  the 
hydrostatic  pressure  dependences,  and  so  should  be  con¬ 
siderably  smaller  than  0.5  meV/kbar.  An  upper  bound 
on  the  combined  uncer'ainty  is  thus  -- 1  meV/kbar. 
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With  this  reference  energy,  the  average  value  of  the  stress 
derivatives  for  the  Ti  levels,  under  stress  applied  in  the  (100) 


direction,  equals  one-third  of  the  value  of  the  derivative  for 
the  Ti  levels  under  hydrostatic  prer^sure  (see  text).  Under  hy¬ 
drostatic  pressure  an  atom  at  k*he  zero  stress  position 
r=(^o»yo>-=^o)  moves  to  r  =  {Xo,>'o,.JCo)M 
Similar  rules  for  stress  in  the  [110]  and  [111]  directions  can¬ 
not  be  made,  because  [1 10]  and  [111]  stress  involves  shear 
stresses  not  present  in  hydrostatic  pressure. 
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and  two  Estates.  Under  [100]  stress  the  Tj  states  split  into 
one  bi  and  two  e  states  and  the  E  states  do  not  split.  -Under 
[110]  stress  the  Ti  states  split  into  one  a^  one  bt,  and  one  bi 
state  and  the  E  states  split  into  one  a\  and  one  state.  Un¬ 
der  [1 1 1]  stress  the  Ti  slates  split  into  one  a,  and  two  e  states 
and  the  E  states  do  not  split. 

20a,  a.  Kaplyanskii,  Opt,  Spektrosk.  16,  1031  (1964)  [Opt. 
Spectrosc.  (USSFw  16,  557  (1964)). 

2*A  theory  for  the  effects  of  uniaxial  stress  along  the  [100]  direc¬ 
tions  on  deep  levels  in  GaAs  and  GaP  was  published  previ¬ 
ously,  and  the  results  arc  included  here  for  completeness. 
See.  S.-Y.  Ren,  D.  Mao,  and  M.  Li,  Chin.  Phys.  Lett,  3,  313 
(1986). 
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Special  k  points  for  performing  integrals  over  the  Brillouin  zone  of  [001]  and  [1 1 1]  superlattices 
are  obtained  and  discussed.  If  the  superlattice  period  is  taken  properly,  the  number  of  .special 
points  required  in  order  to  reach  suitable  convergence  can  be  greatly  reduced.  Twelve  and  ten  spe¬ 
cial  points  will  give  the  same  accuracy  for  NxM  [001]  and  [111]  superlattices,  respectively,  as 
Chadi’s  and  Cohen's  ten  special  points  for  bulk  semiconductors,  provided  we  have  A'  -f  ,\/=4«,  with 
n  an  integer.  These  special  points  can  also  be  u.sed  to  calculate  the  corresponding  integrals  for 
strained  bulk  semiconductors. 


I.  INTRODUCTION 

In  many  theoretical  investigations  involving  the  elec¬ 
tronic  structures  of  .solids,  one  often  needs  to  calculate  in¬ 
tegrals  over  the  first  Brillouin  zone.  Baldereschi'  and 
Chadi  and  Cohen*  suggested  that  such  integrations  can 
be  accurately  appro.simated  by  summing  over  a  rather 
small  number  of  special  k  points  in  the  Brillouin  zone, 
with  different  weights  for  each  point.  (Elaborations  of 
the  special  point  method  have  been  given  by  Monkhorst, 
Pack,  Chadi,  and  Cunningham.^''*)  For  e.xample.  ten  spe¬ 
cial  points  give  very  satisfactory  results  for  the  Green’s 
functions  of  bulk  cubic  semiconductors.^ 

In  this  paper  we  extend  the  special  points  method  to 
[001]  and  [111]  lattice-matched  NxM  superiattice  such 
as  (GaAs)jv(AlAs)_i/,  determining  the  special  points  for 
cases  such  that  N  +M  =4/!,  where  N  and  M  are  the  num¬ 
bers  of  two-atom-thick  layers  cf  each  slab  of  a  superiat¬ 
tice  (e.g.,  Noi/l  and  Ma^/l  are  the  thicknesses  of  the 
GaAs  and  AlAs  slabs  in  a  [001]  GaAs-AlA.s  superiattice 
period,  where  is  the  lattice  con.stant  of  either  bulk  ma¬ 
terial),  and  II  is  an  integer.  The  number  of  special  points 
needed  to  obtain  reasonable  accuracy  of  such  integrals 
can  be  greatly  reduced  if  such  a  requirement  is  satisfied. 
In  this  paper  we  assume  that  the  two  components  of  the 
superiattice  a' ;  perfectly  lattice  matched.  For  [001] 
super-  lattices  the  three-dimensional  lattice  translation 
vectors  can  be  taken  to  be  the  following:  (a^/2)(  1,1,0), 
(ai./2)(  1.  - 1,0),  and  (ai./2)(0,0,  A  +M)  for  N  -r:Vf  even, 
or  (flt/2)(  1,1,0),  (flt/2)(l.-l,0),  and  (at/2)(0, 1,A' 
+Mi  for  N-hAf  odd.  For  [111]  superlattices  the  corre¬ 
sponding  translation  vectors  are  taken  to  be 
(«i./2)(l,-l,0),  (ai/2)(0,l,-l),  and  (ol/IUN+M, 
A'+M,0\  We  choose  the  unit  of  wave  vector  k  and  the 
reciprocal  lattice  vectors  G  as  2tr/ai^,  and  A,,  A,,  and  Aj 
are  the  three  components  of  the  reduced  wave  vector  k  in 
the  X,  y,  and  z  directions 

k — ( A I ,  A’2,  A’^  j(2ir/c7^ )  . 


Since  the  theoretical  formalism  is  the  same  for  any  super- 
lattice  consisting  of  cubic  scmiconductor.s.  for  simplicity 
of  presentation,  we  discuss  only  zinc-blende  GaAsMlAs 
superlattices. 


II.  GE.NERAL  APPROACH 

We  follow  the  general  approach  of  Chadt  and  Cohen 
for  generating  special  points.  The\  begin  with  one  or 
more  wave  vectors  and,  by  subjecting  these  wave  vectors 
to  symmetry  operations,  generate  the  special  poi..is.  For 
zinc-blende  crystals  with  a  face-centered-cubic  Bravais 
lattice,  they  generated  ten  special  points  k.  based  on  the 
starting  points  (y.y.y),  (t.t.tI-  and  (f.py).  Wo  see  the 
equivalent  special  points  for  superlattices  composed  of 
zinc-blende  layers. 

In  generating  the  special  points  for  zinc-blende  materi¬ 
als,  Chadi  and  Cohen  actually  used  three  ty  pes  of  symme¬ 
try:  (i)  time-reversal  invariance  (k  and  —  k  are 
equivalent):  (ii)  point-group  symmetry  (k  and  Fk  are 
equivalent,  where  T  is  an  element  of  the  point  group  Tj 
for  zinc-blende  structures'*);  and  (iii)  translational  s>mme- 
try  (k  and  k-pG  are  equivalent,  where  G  is  a  reciprocal- 
lattice  vector). 

For  a  superiattice,  time-reversal  invariance  still  ap¬ 
plies,  but  the  point-group  symmetry  is  lower  for  a 
[001]  superiattice  and  Cj,.  for  a  [1 1 1]  superiattice,  instead 
of  Tj  for  the  bulk),  and  the  iniiislatlonal  symmetry  is 
dilferent:  Certainly  the  reciprocal-lattice  vectors  in  the 
direction  of  growth  are  different  and  some  reciprocal- 
lattice  vectors  in  perpendicular  dirs-clions  might  be 
changed  also  for  some  superl-attices. 

At  first  glance,  the  reduced  sym.metry  appears  to  great¬ 
ly  increase  the  number  of  speci..!  i»oini.s  needed  to  obtain 
the  same  accuracy  as  obtained  by  ihe  ten  special  points  of 
Chadi  and  Cohen.  For  example,  because  of  the  lower 
symmetry  of  a  [001]  superiattice,  its  starting  points  corre¬ 
sponding  to  the  three  bulk  generators  ty.l.y)- 
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and  (l.j.x)  are  (±|,±|,±|),  (±^,±{,±7),  and 
(±{,±{,±7),  and  produce,  in  principle,  8^  =  512  special 
points  instead  of  the  ten  points  of  Chadi  and  Cohen. 
Here  we  show  how  the  number  of  special  points  can  be 
reduced  from  512  to  12  for  the  [001]  superlattice  and  to 
10  for  the  [111]  superlattice — provided  one  restricts 
one’s  attention  to  superlattices  of  special  periods,  namely 
NxM  superlattices,  such  that  N  +M  =4h,  with  n  an  in¬ 
teger. 


HI.  [001]  SUPERLATTICES  AND  STRAINS 


A.  Superlattices 


For  [001]  .iuperlattices,  the  C21,  symmetry  dictates  that 
the  starting  points  corresponding  to  the  bulk  gen¬ 

erator  be  (t,  7, 7  U-T,  -  7, 7 ),  and  ( j,  j,  -  j ),  with  weights 
7,  7,  and  7,  respectively.  Combining  either  (jiyiy).  or 
(|,4, -7)  with  (±|,±4,±i)  for  an  arbitrary  [001]  super¬ 
lattice,  using  the  method  of  Chadi  and  Cohen,  we  find  six 
special  points:  Two  have  weights  of  and  four  have 
weights  of  Recombining  these  six  points  with 
(±7,  ±7,  ±7)  will  give  40  points:  24  with  weight  -jji  and 
16  with  weight  jjj.  Repeating  this  procedure,  but  start¬ 
ing  with  (j,  -7,7),  yields  64  points,  each  with  weight  fj7. 
This  gives  a  total  of  40  -b  64  -f  40=  144  supcrlattice  spe¬ 
cial  points  corresponding  to  the  10  special  |>  jints  of  bulk 
zinc  blende.  It  is  often  impractical  to  use  so  many  special 
points. 

For  [001]  superlattices  with  special  periods,  the  144 
special  points  can  be  reduced  considerably  by  invoking 
translational  symmetry.  For  example,  consider  a  GaAs- 
AlAs  A^GaAsX^AiAs  [00^  superlattice  such  that 
^GaAs+^AiAs^**^"'  where  n  is  an  integer.  (Here,  for  ex¬ 
ample,  iVoaAs  denotes  the  number  of  GaAs  molecular  lay¬ 
ers  per  slab  of  GaAs.  Hence  a  1 X 1  superlattice  consists 
of  alternating  layers  of  GaAs  and  AlAs,  and  a  2x3  su- 
perlatlice  alternates  two  GaAs  layers  and  three  AlAs  lay¬ 
ers.)  In  this  case,  the  reciprocal-lattice  vectors  of  the  su¬ 
perlattice  are  Gi=(lil,0),  G2=(l,  — 1,0),  and 

G3=(0,0,  1/2m).  Because  of  the  symmetry  of  this  special 
period,  any  two  of  the  144  special  points  iky,  k^,  fcj) 
that  have  the  same  values  of  k^  and  k2  coalesce  into  a 
single  special  point — reducing  the  number  of  distinct 
points  to  20.  Examination  of  the  remaining  symmetries 
reduces  this  set  to  12  special  points  k,  each  with  weight 
a,  denoted  by  (k,a): 

(I  i.  i-il 

's' 's'5'8'16''  's'S’S'lb'’ 

'8>S»8>8'>  '8>8>8M6'»  '8>8*8M6'» 


'  8*T'*  '  8*T*  T*  16  '  ’ 

{^1  1  — 1  —i’l) 

'  5*8*  8*  16'*  '  8*8*  8*5'* 

'  T*T*  '8*16'*  '  8*8*  8*16'* 


B.  Strained  bulk  zinc  blende 

One  can  consider  bulk  GaAs  to  be  a  degenerate  form 
of  a  GaAs-GaAs  [001]  superlattice.  In  this  case,  the  su¬ 
perlattice  has  I>2(/  symmetry  rather  than  C2,,  symmetry 
(because  the  former  AlAs  of^  the  GaAs-AlAs  superlattice 
is  now  GaAs).  Either  the  first  six  or  the  last  six  of  the 
special  points  above  (with  their  weights  doubled)  could  be 
used  for  the  D2ti  symmetry,  leading  to  results  with  the 
same  accuracy  as  the  ten  special  points  of  Chadi  and 
Cohen.  Of  course,  by  viewing  bulk  GaAs  :,.s  a  2x2 
GaAs-GaAs  superlattice,  the  Hamiltonian  matrix  is  four 
times  as  large  as  for  bulk  GaAs,  and  so  evaluating  six 
special  points  for  sums  involving  functions  of  the  larger 
Hamiltonian  will  be  more  laborious  than  evaluating  ten 
for  bulk  GaAs.  Therefore  it  does  not  make  sense  to  treat 
bulk  GaAs  as  a  GaAs-GaAs  superlattice,  but  bulk  GaAs 
strained  along  the  [001]  direction  has  Z);,/  symmetry,  and 
so  either  the  first  six  or  the  last  six  of  the  above  12  special 
points  (with  their  weights  doubled)  can  be  used  to  evalu¬ 
ate  integrals  over  the  Brillouin  zone  for  [001]-strained 
bulk  GaA.s. 


IV.  [Ill]  SUPERLATTICES  AND  STRAINS 


A,  Superlatticcs 


For  [1 1 1]  superlattices,  the  point  group  is  Cj,„  and  the 
generators  of  .special  points  are  (7,7,7)  and  (-7,7,7), 
with  weights  of  7  and  7,  respectively.  Combining  (7.7,7) 
with  (±7,  ±7, ±7)  and  then  (±7.  ±7, ±7),  we  obtain  ten 
distinct  special  points,  with  weights  of  or  j];. 

Starting  with  (-7,7,7),  we  obtain  40  special  points  with 
weights  of  ^  or  bringing  the  total  number  of  special 
points  to  56.  This  set  can  be  reduced  by  considering 
^GaAs+^AiAs='^'b  which  case  ‘ /4« ,  1 /4)i ,  1 /4«)  is  a 
reciprocal-lattice  vector.  By  adding  this  reciprocal- 
lattice  vector,  or  its  negative,  to  each  of  the  50  general 
special  points,  we  reduce  the  number  of  distinct  points  to 
20:  eight  lie  in  a  plane  on  the  superlattice  Brillouin-zone 
boundary  which  is  perpendicular  to  the  [111]  direction 
and  passing  through  the  point  (7,7,7),  and  12  lie  on  a 
parallel  plane  within  the  Brillouin  zone.  Using  transla¬ 
tional  symmetry  with  reciprocal-lattice  vectors  il,— 1,0), 
(0,1,- 1),  and  (-1,0,1,  together  with  Cj,.  point-group 
.symtnetry,  these  20  points  reduce  to  the  following  ten  dis¬ 
tinct  special  points  k  with  weights  a,  (k;a): 


fJ  I  -I'i-t  (1  —1  —l-±)  (i  i  J.--!-) . 

'7*T*  8*32'*  '5*  5*  8*32'*  '8*8*8*64'  * 

/7 

'?*  "^T*  5*16'*  '8*  8*  8*32'* 

5  l.3\ 

7*16'*  '8*  8*8*32'* 

Vj,  —  I  32 />  '  8*8»8*w' 


B«  Strain 


These  special  points  have  been  used  to  compute  the 
Green's  functions  of  superlattices,  for  energies  in  the  fun¬ 
damental  band  gaps.’ 


The  GaAs-GaAs  [111]  superlattice  has  symmetry, 
and  so  the  above  ten  special  points  can  be  used  for  seat¬ 
ing  Brillouin-zone  sums  for  [1 1  l]-sirained  bulk  GaAs. 
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^  SPECIAL  POINTS  FOR  SUPERL  \TTICE3  AND  STRAINED.  ; . 


V,  CONCLUSION 

Special  points  for  superlattices  can  be  computed  using 
the  method  of  Chadi  and  Cohen,  By  limiting  oneself  to 
'•;ecial-p(Tiod  superlattices,  such  as  those  for  which 
+  oue -finds  that  relatively  few  special 

points  will  provide  accurate  integrals  over  the  superlat¬ 
tice  Brillouin  zone.  We  have  presented  12  special  points 
for  NXM  [001]  superlattices  and  ten  for  <Y  X*V/  [1 1 1]  su- 
perlaitices,  valid  for  N  =4n,  where  n  is  an  integer. 
However,  our  general  approach  can  be  used  for  generat¬ 


ing  special' pointsThat  will  produce  more  accuracy  or  for 
superlattices  that  do  not  satisfy  the  condition 
/V-f:V/=4n,  These  same  special  points  obtained  for 
N  -FiV/  may  be  used  for  Brillouin-zone  sums  for 
strained  bulk  zinc-blende  material. 
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ABSTRACT 

A  formalism  is  developed  for  computing  charge-state  splittings  of  deep  levels 
associated  with  paired  defects  in  semiconductors  and  is  applied  to  nearest-neighbor 
substitutional  sulfur  pairs  in  silicon.  Self-consistent  calculations  predict  a  0.19  eV 
splitting  between  the  deep  levels  of  nearest-neighbor  (S.S)'*  and  (S,S)^  in  Si,  in 
good  agreement  with  the  experimental  value  of  O.lSeV.  Computed  ratios  of 
hyperfine  tensor  components  also  agree  with  available  data.  Our  results  lend 
support  to  the  meso-bonding  theory  of  paired-chalcogen  deep  levels. 
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SULFUR  NEAREST-NEIGHBOR  DEFECT  PAIRS  IN  Si 


1.  INTRODUCTION 

Sulfur  and  other  chalcogen  impurities  in  Si  are 
known  to  occupy  substitutional  sites  and,  when 
present  in  abundance,  form  nearest-neighbor  pairs 
with  deep  levels  in  the  fundamental  band  gap  whose 
characters  are  currently  controversial  [1-4],  The 
deep  level  in  the  fundamental  band  gap  for  an  iso- 
lated-S  impurity  in  Si  is  known  to  have  Aj  or  s-like 
character  [5],  and  is  pulled  down  from  the  conduc¬ 
tion  band  by  the  strong  (~7  eV)  electron-attractive 
defect  potential  of  a  S  atom  (relative  to  the  Si  atom 
it  replaces).  It  is  somewhat  surprising,  then,  to 
realize  that  a  pair  of  S  atoms,  (S,S)  produces  a  deep 
level  at  higher  energy  than  an  isolated-S  atom, 
because  the  additional  S  defect  potential  should  pull 
levels  down  in  energy.  Sankey  etal.  [2]  explained 
thi.c  fact  by  showing  that  the  Aj  deep  level  of  iso¬ 
lated-S  is  pulled  down  in  energy  so  much  that  it  lies 
resonant  with  the  valence  band:  The  (S,S)  deep  level 
in  the  gap  is  derived  not  from  the  s-like  Aj  level  but 
from  the  p-like  Tj  level  of  the  isolated  S  defect, 
which  for  isolated-S  lies  in  the  conduction  ba.,d,  and 
is  pulled  down  into  the  gap  by  the  defect  potential  of 
the  second  S  atom. 

In  explaining  this  fact,  Sankey  etal,  made  an  as¬ 
sertion  concerning  the  character  of  the  “molecular” 
wavefunction  for  the  (S,S)  deep  level  in  the  gap:  it  is 
meso-bonding,  namely  an  flj-symmetric  bonding 
linear  combination  of  the  antibonding  Tj-symmetric 
wavefunctions  of  the  two  isolated-S  defects.  (The 
7;  state  is  resonant  with  the  conduction  band  for 
isolated-S,  not  in  the  fundamental  band  gap.)  This 
implies  that  the  a,-symmetric  (totally)  antibonding 
linear  combination  of  the  isolated-S  .4, -symmetric 
antibonding  deep  level  wavefunctions  lies  at  lower- 
energy.  Further  evidence  supporting  the  Sankey 
viewpoint  has  been  presented  by  Hu  etal.  [4]  who 
also  concluded  that  (S,S)  is  meso-bonding. 

However,  Worner  etal,  [3]  have  interpreted  data 
for  the  nearest-neighbor  (Se,Se)'*  .deep  level  in  the 
gap  as  evidence  for  a  totally  antibonding  state:  an 
antibonding  linear  combination  of  antibonding 
isolated-Se  Aj-symmetric  deep  level  wavefunctions. 
(Of  course,  the  characters  of  the  (S,S)  and  the 
(Se,Se)  deep  levels  should  be  similar,  according  to 
all  of  the  theories.)  Thus  there  is  a  clear  disagree¬ 
ment  concerning  the  character  of  the  main  chalcogen- 
pair  deep  level  in  the  gap,  between,  on  the  .)ne  hand, 
Sankey  etal.  [2]  and  Hu  etal,  [4]  who  favor  meso- 


bonding,  and,  on  the  other,  Worner  etal,  [3]  who 
propose  a  totally  antibonding  state. 

In  this  paper  we  present  calculations  of  the  charge- 
state  splittings  of  deep  levels  in  the  gap  of  Si  associ¬ 
ated  with  chalcogen  nearest-neighbor  .substitutional 
defects.  Our  gr  il  is  to  determine  if  those  splittings 
can  be  understood  by  using  a  theory  in  which  the 
deep  levels  are  meso-bonding  in  character — and  we 
find  that  they  can.  Thus  our  results  lend  more  sup¬ 
port  to  the  viewpoint  of  Sankey  etal, 

2.  CHARGE-STATE  SPLITTINGS 

The  charge-state  splitting  of  a  deep  level  is  a  many- 
body  effect  which  is  zero  in  ordinary  one-electron 
theories.  It  r,  the  difference  A£  between  the  ioniza¬ 
tion  energies  E  of  the  neutral  and  charged  defects 
(S,S)'’  and  (S,S)^ 

To  understand  the  origin  of  charge-state  split¬ 
tings,  first  consider  the  charge-state  splitting  of 
atomic  He.  Neutral  He  has  wo  Is  electrons  in  nearly- 
hydrogenic  orbitals  described  by  effective  charges 
Zj(,  =  27/16  =  1.7  [6].  But  He'^  has  one  Is  electron 
in  an  orbital  with  an  effective  charge  of  2.  The  differ¬ 
ence  in  ionization  energies  of  a  Is  electron  in  He  and 
He"  is  (assuming  Koopmans’  theorem  [7,8])  ap¬ 
proximately  the  Is  orbital  energy.  Thus,  for  atomic 
He  and  for  most  atoms,  the  charge-state  splittings 
A£  are  of  order  20  eV  and  are  Coulomb  energies: 

A£~20eV~(eVr).  (1) 

where  {e‘/r)  denotes  an  appropriate  Coulomb 
integral  [6],  and  is  of  order  e'/r^„  where  r„  is  the 
average  distance  between,  for  example,  the  two  Is 
electrons  in  He. 

For  deep  levels  in  the  fundamental  band  gap  of  a 
semiconductor  that  are  associated  with  substitutional 
point-defects  such  as  S  in  Si,  the  charge-stale  splitting 
is  also  a  Coulomb  integral  of  the  approximate  order 
of  magnitude 

A£~eVe^,--0.3eV.  (2) 

This  is  about  two-orders  of  magnitude  smaller  than 
in  atoms  because:  (/)  the  dielectric  constant  e  is  of 
order  12  in  typical  semiconductors  (versus  unity  for 
atoms);  and  (»)  the  average  distance  r,,.  is  consid- 
erablj  larger  (a  lattice  constant  rather  than  a  Bohr 
radius)  due  to  the  antibonding  character  of  the  deep 
level  wavefunctions  [9].  In  He  the  Coulomb  forces 
cause  the  two  Is  e'ectrons  to  circumnavigate  the 
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atom  180°  out  of  phase  (classically),  and  so  their 
average  separation  is  of  the  order  of  the  Bohr  radius. 
But  the  wavefunction  of  the  S  deep  level  in  Si  is  now 
known  to  be  antibonding  in  character  (4, 5, 9-13], 
and  so  is  not  peaked  on  the  S  atom  but  rather  on 
adjacent  Si  atoms.  Hence  r„  is  the  average  separa¬ 
tion  of  electrons  on  different  Si  atoms  neighboring 
the  S  defect — of  order  a  lattice  constant,  almost  an 
order  of  magnitude  larger  than  a  Bohr  radius. 

The  charge-state  splitting  of  a  meso-bonding  (S,S) 
deep  level  in  Si  should  be  somewhat  smaller  than  for 
isolated-S,  both  because  the  average  inter-electron 
distance  r,,  is  larger  for  the  “molecular"  defecwhan 
for  the  “atomic”  defect  and  because  the  “molecular” 
deep  level  has  wavefunctions  that  are  T-  or  p-like  in 
character,  with  even  less  amplitude  in  the  S  cells 
than  the  Ax  or  s-like  states  of  the  isolated-S  deep 
level.  Thus,  if  the  meso-bonding  character  of  nearest- 
neighbor  paired-chalcogen  deep  levels  in  Si  is  correct, 
the  theory  should  be  able  to  correctly  determine  the 
magnitude  of  the  charge-state  splitting. 

3.  MODEL 

To  evaluate  the  charge-state  splitting  of  a  chalcogen 
pair  in  Si,  we  employ  the  Hjalmarson  ei  al.  theory  of 
deep  impurity  levels  [14]  in  combination  with  the 
Haldane-Anderson  scheme  for  introducing  Coulomb 
effects  (15, 16|.  This  approach  has  been  used  suc¬ 
cessfully  by  Sankey  etai  (10)  to  discuss  deep  levels 
caused  by  interstitial  impurities  in  Si,  by  Vogl  and 
Baranowski  (17)  to  treat  deep  levels  of  transition- 
metal  impurities  in  semiconductors,  and  by  Lee  etai 
(9|  to  determine  charge-state  splittings  of  deep  levels 
associated  with  substitutional  point  defects  in  semi¬ 
conductors.  We  first  repeat  the  theory  of  Lee  el  ai, 
which  is  a  self-consistent  tight-binding  model  of  deep 
levels,  and  verify  the  physics  of  the  model  for  iso¬ 
lated  impurities  (while  rectifying  some  numerical 
errors  (18)),  and  then  extend  the  theory  to  paired 
defects. 

4.  THEORY 

4.1.  General 

The  Hamiltonian  H„o(  the  perfect  Si  crystal  is  taken 
to  be  the  one-electron  tight-binding  Hamiltonian 
of  Vogl  etai  (19).  Expressed  in  terms  of  the  tight- 
binding  basis  states  (/,  b,  k)  obtained  from  the  local¬ 
ized  orbitals  ji,  b,  S)  centered  on  the  h-th  site  in  the 
unit  ceil  at  S; 


i/,h,k)  =  A/-''-Ssexp(/k-S+/k-v,)|/,6,S) ,  (3) 

the  Hamiltonian  in  k-space  is: 

//,(k)=  S,^|/,h,k>£(/.6)(/,h,k| 

+  I,,;(li,a.k)  r(ia,/c)</,c,k|  -r  h.c.j  .(4) 

Here  h.c.  means  Hermitian  conjugate,  i  and  /  run 
over  the  basis  orbitals,  s,  p^,  p,,,  p.,  and  s’,  and  b  labels 
one  of  the  two  sites  in  the  unit  cell  of  Si  (we  shall 
refer  to  the  sites  as  anion  (=a)  and  cation  (=c)  sites 
to  emphasize  that  the  theory  for  diamond-structure 
Si  can  be  applied  to  zincblende-structure  semi¬ 
conductors  as  well).  The  parameters  E{ib)  and 
T{ia,jc)  are  tabulated  in  reference  (19),  The  eigen¬ 
states  of  Ha  are  the  Bloch  waves  |/i.  k>  of  Si,  and  'he 
eigenvalues  £«(k)  are  the  host  band  structure. 

The  perturbed  Hamiltonian  H  describes  the  (S,S) 
defect,  and  the  defect  potential  is  The 

Hamiltonians  H  and  are  similar  in  form,  with  the 
localized  basis  functions  for  H  being  (formally) 
L6wdin  orbitals.  The  defect  levels  E  are  the  solu¬ 
tions  of  the  secular  equation 

det(l-C7,(E)V)  =  0,  (5) 

where  Ga{E)  is  the  perfect-crystal  Green’s  function 

operator 

Co(£)  =  (£-//,)-'.  (6) 

In  cases  such  that  £  is  degenerate  with  a  host  energy 
band,  the  boundary  conditions  are  satisfied  if  we 
replace  £  with  £-f-ie,  where  e  is  a  positive  infinites¬ 
imal.  The  advantage  of  the  Green’s  function  formalism 
is  that  the  dimension  of  the  secular  equation  matrix 
is  small:  the  size  of  the  defect  matrix  V  rather  than 
the  size  of  the  crystal.  Determining  the  defect  energy 
levels  in  this  formalism  reduces  to:  (<)  constructing 
the  host  Green's  function  Go(£);  («)  obtaining 
the  defect  potential  V;  and  («i)  solving  the  secular 
equation  for  £. 

4.2.  Green’s  Function 

The  host  Green's  function  is 

C,(£)  -  2,a|rt,k)(/i.  ki]/(£-£,(k)] .  (7) 

4.3.  Defect  Potential 
4.3.1.  Symmetry 

The  defect  potential  V  is  assumed  to  be  a  mean- 
field  one-electron  potential  whose  value  depends  on 
the  charge-state  of  the  (S,S)  defect.  The  solution  of 
the  secular  equation  is  facilitated  if  the  range  of  this 


The  Arabian  Journal  for  Science  and  Engineerins.  Volume  14.  Number  4. 


515 


October 


G.  Kim,  J.  D.  Dow,  and  S.  Lee 


potential  is  minimal.  Therefore,  we  neglect:  (/)  the 
long-ranged  non-central-cell  Coulombic  parts  of  the 
defect  potential;  (//)  lattice  relaxation  around  the 
impurities:  and  {Hi)  matrix  elements  of  the  potential 
associated  with  s*  orbitals.  These  approximations 
have  been  discussed  in  other  contexts  [14],  are 
standard  approximations  for  treating  deep  levels, 
and.  lead  to  errors  of  a  few  tenths  of  an  eV  in  pre¬ 
dicted  absolute  deep  level  energies  [14, 19].  Since 
our  goal  is  to  understand  the  physics  of  charge-state 
splittings,  which  are  differences  in  deep  level  energies, 
the  errors  introduced  by  these  approximations  for 
each  of  the  deep  levels  should,  to  a  large  (but  not 
complete)  extent,  cancel  in  the  difference.  Concen¬ 
trating  on  the  form  of  the  first-order  perturbation 
correction  to  the  energy  and  using  the  fact  that  most 
of  the  electronic  charge  in  a  deep  level  is  distant 
from  the  defect  (5),  we  estimate  the  anticipated 
uncertainty  in  the  charge-state  splitting  as  the  uncer¬ 
tainty  in  the  absolute  energy  position  of  a  deep  level 
multiplied  by  the  fractional  difference  in  the  central¬ 
cell  charge  densities  (See  Tables  3  and  4,  below.)— of 
order  0.01  eV  for  (S,S)  in  Si.  Thus  the  theory  of 
charge-state  splitting  should  be  qualitatively 
predictive,  chemically  correct,  and  quantitatively 
accurate. 

Thus  we  take  the  defect  potential  (in  a  localized 
Lbwdin  orbital  basis  of  s,  p,,  p,.,  and  p.  orbitals)  to 
involve  only  the  two  S  sites  and  the  six  neighboring 
Si  sites  directly  bonded  to  S  atoms.  Hence  the  defect 
matrix  is  a  32x32  matrix.  The  omission  of  a  more- 
distant  Si  site  at  R  introduces  a  small  error  of  order 
c*|il/(R)l*  u/eR  in  the  absolute  deep  level  energy  and 
e’5|i|j(R)|*y/b/?  or  ~0.01eV  in  the  (S,S)  charge- 
state  splitting,  where  v  is  the  atomic  volume  and 
5l'l'(R)l’  is  the  difference  in  wavefunctions  of  the 
charged  and  neutral  defects,  and  is  small.  (See 
Tables  3  and  4,  below.)  The  point-group  symmetry 
of  a  substitutional  isolatcd-S  defect  in  Si  (or  in  a 
zincblende  semiconductor)  is  tetrahedral:  T^,  The 
group  of  a  (S.S)  pair  oriented  along  the  (111)  crystal 
axis  is  with  the  vertical  reflection  plane  bisecting 
the  (111)  bond.  (Note  that  the  symmetry  is  reduced 
to  Cj  for  a  (Se.S)  paii.  for  example.)  The  irreducible 
representations  of  C,,.  are  a,  (o-like),  a,  (rotation 
about  the  S-S  bond),  and  e  (rr-like).  By  selecting  as 
basis  function^  the  linear  combinations  of  Lowdin 
orbitals  that  transform  according  to  the  irreducible 
representations  of  Cj,.  (See  Table  1),  the  secular 
determinant  matrix  assumes  the  fotm  of  a  direct  sum 
matrix  10a, -?.«;+ lOe,  and  the  32x32  secular 
determinant  factors  into  one  10x10  determinant. 


one  2x2  determinant,  and  one  20x20  determinant, 
each  with  the  form 

det(l-G„V')  =  0.  (8) 

but  involving  only  matrix  elements  between  the  basis 
functions  of  the  irreducible  representations.  For 
example,  the  2x2  equation  for  aysymmetric  deep 
levels  is 

l-(l|Co|l>(l|l^|l)  -  (l|Go|2)(2|K|2)  ^ 

-(2|CJ1)(1|1/|1)  l-(2|Co|2)(2|K|2) 

where  |1)  and  |2)  are  the  basis  functions  for  the  a- 
representation  listed  in  Table  1,  and  we  have 

(lil/il)=  (l/6){K(p„R:)+  K(p,..R,)  +  np^.R,) 
-hK(p,.,R,)  +  V(p..,R,)+K(p,.R,)} 

(10a) 

(2|V12>  =  (1/6){V(p„R7)  +  V{pM  +  V(p,,R5) 

T  V(p„.R,)  +  V(p...R,)  +  K(p,.R,)} 

(lOh) 

Here  we  have  R„  =  (0,0,0)  and  R,  =  (aL/2)(l,l,l); 
these  are  the  positions  of  the  substitutional  sulfur 
atoms  in  the  silicon  crystal.  The  neighboring  Si 
atoms  are  at  the  positions  R^  =  (0^/2)  (- 1,-1, 1), 
Rj  =  K/S)  (1.  -1.  -1).  R.  =  («l/2)  (“1. 1.  -1). 
Rj  =  {aj2)  (0. 2. 2),  Ra  =  {aJ2)  (2, 0, 2).  and 
R?  “  (flL/2)(2.2,0),  where  aL  is  the  lattice  constant 
of  the  perfect  silicon  crystal.  We  have  also  assumed, 
following  Hjalmarson  eial.  [14],  that  there  is  no  lat¬ 
tice  relaxation  and  hence  that  the  defect  potential  is 
diagonal.  (Therefore  we  take  ^(p^.R,)  =  V'(p,(Si)) 
for  all  p.  and  l</<8.) 

Similarly,  for  a,  (a-like)  levels  we  have: 

detZ)  =  0,  (11) 

where, 

W 

D.,  =  (1  - G„\%  =  5,,  -  I  (/1G„|/)  (/|\'’|/)  (12) 

/*  I 

Here  5  is  a  Kronecker  delta,  and  ]/),  with  /=1.2,....10, 
are  the  basis  functions  for  the  a,  irreducible  repre¬ 
sentation  (Table  1).  If  we  adopt  Hjalmarson's 
approximations  for  the  potential,  we  find 

(13) 
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Table  1.  Basis  Functiuns  of  the  Irreducible  Representations  for  Paired  Sulfur  Impurities. 
Irreducible 

Representations  Basis  Functions 

Qv _ ^ _ 

!s,Rq). 

is.R,). 

(1/V3){|s,R,>  +  |s.R3>  +  |s,R4>}, 

(l/V3){|s,Rj)7-is.R6)  +  |s.R7)}, 

(I/V3){|p,,R„)  +  |p„R,>  +  |p,,R,>}. 

(l/V3){|p,,R,)  +  lp„R,)  +  |p,,R,>}. 

(I/V3){|p,,R,>  +  1p„1J3>  +  |p,,R4>}, 

(I/V3){|p...R7>  +  |p4,R5)  +  IPrR6>}, 

(I/Vb)  {|p^, R3)  +  Ip,., R3)  +  Ip,,  R4>  +  Ipj., R:)  +  IP;, R3>  +  Ip.-f R4)}. 

(1/V6)  {|p„  R,)  +  Ip' ,  R,)  +  |p„  R,>  +  |p,„  Rj)  +  |p,,R3)  +  Ip,,  Ra)} 

a,  (1/V6)  {|p„  R,)  +  Ip,,  R3>  -  |p„  R4>  -  Ip,.  R,)  -  Ip,.  Rj}  +  |p„  R4>}.  and 

(I/V6)  {|p,.  R,)  +  Ip' ,  Rj)  -  Ip,,  r,)  -*  |p' ,  r,>  -  |p,.  r,)  +  jp„  r^)} 

e  (1/V6)  {2|p„  Ro>  -  |p^.  R„>  -  Ip,.  Ro>},  and 

(l/V6){2|p,.R,>-|p,,R,)-|p„R,>}: 

(l/V2)(|p,„R,)-|p„R,)}.  and 
(l/V2){|p„R,)-|p,.R,>}; 

(1/V6)  ds.Rj)  -  2|s,R3)  +  IS.R4)},  and 
(1/V6){|s.R7)-2|s.R,>  +  |s.R6)}: 

(1/V2)(|s.R,>-|s.R4>}.  and 
(1/V2)(|s.R7>-|s.R6>}i 

(I/V12)  {2|p„  R:>  -  Ip,.,  R3>  +  2|p„  R4>  -  Ip,.  R,)  -  |p,.  Rj)  -  |p,.  R,)}.  and 

(I/V12)  {2|p,. R7>  -  Ip,.  Rj)  +  2|p,. Rj>  -  \p,,  Rj)  -  Ip,.  Rj>  -  Ip,.  R,)}; 

(I/V12)  {2|p,.  R,>  -  Ip,.  R3>  -  2|p„  R4)  +  Ip,.  R;)  +  Ip,.  R,>  -  Ip,.  R4>}.  and 

(1/V12)  {2|p,.  R7>  -  Ip,.  Rj)  -  2|p,.  Rj)  +  Ip,.  Rj)  +  |p,.  r,)  -  |p,.  Rj)}: 

(I/V6)  {|p„  R,)  -  2|p„  Rj)  +  Ip,.  R4)},  and 
(IM){|p,.R7)-2|p,.Rj)  +  |p,.R6)}; 

(1/V2){|p„R;)-|p,.R4)}  and  {1/V2)  dp.-.Rj)  -  |p,.RJ}: 

(1/2)  (Ip,.  R,)  +  Ip,.  R,)}  -  |p„  Rj)  -  |p„  R4)}.  and 
(1/2){|p,.R7)  +  |p,.Rj)}  -  |p,.Rj)  -  |p,.Rj)}:  and 
(1/2)  {-|p„  R;)  +  |p„  Rj)}  +  |p„  Rj)  -  |p„  R,)},  and 
(1/2)  {-Ip,,  R7)  +  Ip,.  Rj)}  +  Ip,.  Rj)  -  |p„  Rj)} 


Here  we  have 

(1|K|1)  =  V(s.Ro)  =  l'(s,(S))  =  (2|I/|2)  =  K(s,R,), 

(31^13)  =  ('/3){V(s.R,)  +  V(s.Rj)  +  V'(s,R4)} 

=  l'(s.(Si))  =  (4lVl4). 

<5|K|5)  =  (>/3)  {K(p„ RJ  -r  V'(p,.  RJ  +  l/(p„  RJ} 
=  K(p.(S))  =  (6|K|6). 

and.  for  n  =  7,  8,  9.  and  10. 


</t| V|/t)  =  (‘/a)  {y(p,.  RJ  +  V(p,.  Rj)  +  Vip,,  RJ} 

^I'Cp.CSi)).  (14) 

Here  we  have  ^(5.(8))  =  K(s.Ro). 

1'(P.(S))  =  1^(P,.RJ.  K(s.(Si))  =  VCs.RJ,  and 

/(p,(Si))  =  K(p^,RJ,  where  p,  is  x,  y,  or  z. 

For  tr-like  e-states  we  have  a  similar  secular 
determinant  to  Equation  (13)  involving  the  basis 
states  of  Table  1,  with 
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<«|V|/i)  = 
for  «  =  1 

</|l'|/>  = 
for  1  =  5, 


for  m  =  9,  10,....,  20.  (15) 

Similar  results  hold  for  the  isolated-S  defect,  with 
the  basis  functions  of  Table  2  (See  Appendix.) 

4.3.2.  Dependence  on  Mean-Field 

The  effective  mean-field  potential  felt  by  an  elec¬ 
tron  in  a  deep  level  depends  on  the  charge-state  >of 
the  level,  much  as  in  atomic  physics  the  potential  and 
orbital  energy  depend  on  the  atomic  charge  state. 
For  example,  in  He*  the  Is  electron’s  potential  is 

Table  2.  Basis  Functions  of  the  Irreducible  Representations  for  an  Isolated  Sulfur  Impurity 
in  Si  at  the  Origin.  The  Notation  is  the  Same  as  for  Table  1. 

Irreducible 

Representations  Basis  Functions 

of  Tj _ 

(1/2)  {|s,Rj)  +  |s,R2>  +  |s,R3),  +  |s,R4)},  and 

(1/V12)  {|p„  R,>  +  Ip,,  r,)  +  Ip,.  R,)  -  |p„  R,)  -  Ip,,  r,)  +  |p,.  r,) 

+  ip.r.  Rs)  -  IPy.  Rs)  “  Ip.-.  Rj)  -  IPx.  Rx)  +  |Py.  Rx)  "  Ip.-  Rx)} 

E  (1/V24)  {2|p,.  R,)  -  Ip,,  R,>  -  Ip,.  R,)  -  2|p,.  R,)  4-  |p,.  R,>  -  |p,.  R,) 

+  2|p,.  Ry)  +  Ip,,  R3>  +  Ip,,  R3)  -  2|p„ R4)  -  Ip,,  Rx)  +  |p,,  R4)} 
and 

(1/V8)  {|p,,  R.)  -  |p,.  R,)  -  |p,.  R2)  -  Ip,.  R,)  -  Ip,,  R3>  +  Ip,.  R3) 

+  IPy.R4>+IP4.R4)} 

r,  (1/V8)  {|p,.  R,)  -  Ip,.  R,)  +  Ip,..  R2>  +  Ip,. Rj)  -  Ip,.  R3)  +  Ip,.  R3> 

-|Py.R4>-|Pi.R4)} 

(i/Vs)  (ip,,  R.)  -  |p„  R,)  +  Ip,.  Rj)  +  Ip,.  Rj)  -  |p,.  R3)  +  |p,.  R3) 

-|Px.R4>-|Pi.R4)} 

(1/V8)  {|p,.  r,)  -  Ip,,  r,)  +  |p„  R3)  +  Ip,.  Rj)  -  |p„  R3)  +  Ip,.  R3> 

-Ipx.R4)-Ip,.R4)} 

T2  |Px.Ro>.lpy.Ro).  and  IPt.Ro); 

(1/2)  {|s,R,>  -  |s.R:>  +  |s.R3>  -  Is.Rx)}. 

(1/2) {|s.R,>  -  |s,R,)  -  IS.R3)  +  Is.KxH.  and 
(l/2){|s.R,)  +  Is.Rj)  -  |s.R,)  -  |s,R4)); 

(1/2)  {|p,.  R,>  +  |p„  R,)  +  Ip,.  R3)  +  Ip,,  r,)}. 

(1/2)  (Ip...  R,)  +  Ip,.  R;)  +  Ip,.  R,)  |p,.  R4)}.  and 
(1/2)  {|p,.  R.)  +  Ip,.  R,)  +  Ip,.  R,>  +  Ip„  R,)};  and 
(1/V8)  {|p,.  R,>  -1-  Ip,,  r,)  -  Ip,,  r,)  -  ip...  r,> 

+  Ip.-.  R|)  “  Ipx.  R2)  -  Ip.-.  Rs)  +  Ip.-.  Rx)}. 

(i/8)  {|p,.  Ri)  +  |p„  R2)  -  Ip,.  R3>  -  Ipx.  Rx) 

+  Ip,,  R,>  -  |p„  R,)  +  |p„  R,)  -  Ip,.  R,)}.  and 
(1/V8)  {ip„  R,)  -  Ip,.  Rj)  -  Ip,.  R3>  -h  |p,.  r,) 

IPy.  Rl)  ■*  IPy.  Rj)  IPy.  Rj)  ”  Ipy  •  Rx)} 


(1/6)  { V(p,.  RJ  +  V(p„  R,,)  +  K(p,.  RJ} 

np.(s)). 

,  2,  3,  and  4,  and  with 
(1/6)  {^s.R:)  +  4V(s,R3)  +  V{s,R,)} 
ns, (Si)), 

6,  7,  and  8,  and 

=  (i/12){4r(p„Rj)-hnPy,R2) 
-h4V(p,.R4)+npy.R2)+npx,R3) 
npx.R4)}=np.(si)).  i 
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-le'/r,  but  in  He"  the  effective  (Hartfee)  potential 
is  -Z^ife-jr,  where  Zjf,  is  1.7  [8].  Haldane  and 
Anderson  [16]  have  proposed  a  simple  scheme  for 
treating  such  Coulomb-induced  charge-state  effects. 

The  atomic  orbital  energies  are  written 

£(s,a)=  £“-fi/„2;./i(s,a') 

+  t/,p£,„.n(p„cr')  (16a) 

and  £(p„,o-)=  £“-f-C/pp2;<,./z(p^,o-') 

+  f/,pS,.n(s,or'),  (166) 

where  cr  is  a  spin  index  (up  or  down),  v  and  iJkfun 
over  X,  y,  and  z,  and  the  prime  on  the  summations 
means  that  terms  with  cr  =  a'  and  v  =  |jl  are  excluded. 
The  occupation  numbers  n  are  either  unity  or  zero  in 
atoms.  The  Coulomb  integrals  U„,  and  U^, 
together  with  the  orbital  energies  £“  and  £",  are 
determined  by  fitting  atomic  spectra.  (This  has  been 
done  for  S  and  Si  by  Sankey  etal.  [10].) 

In  the  Haldane-Anderson  scheme,  the  occupa¬ 
tion  numbers  for  atoms  in  the  solid  are  allowed  to 
assume  non-integral  values  (reflecting  the  fact  that 
the  charge  is  not  localized  on  a  single  atom).  Thus 
there  are  occupation  numbers  «(<,  cr;R)  for  each 
site,  and  expressions  for  the  orbital  energies  analo¬ 
gous  to  Equations  (16a)  and  (166)  at  each  site. 
(Note  that  R  labels  the  site,  not  the  unit  cell,  and  so 
can  refer  to  either  an  anion  or  a  cation  site.) 

The  occupation  numbers  /z(/,  o-;R)  in  the  defect- 
perturbed  solid  are 

«(/,  (t;R)  =  I  /(£)(/,  (t;R|8(£-H)|/,  ff;R)  d£,  (17) 

where  /(£)  is  the  Fermi-Dirac  function  (which,  at 
zero  temperature  is  unity  for  valence  band  states  and 
occupied  deep  levels  in  the  gap,  and  zero  otherwise). 

The  spectral  density  operator  h(E-H)  is  related 
to  the  penurbed  and  unperturbed  Green’s  function 
operators  C  and  Go  as  follows: 

8(£-H)  =(-l/TT)ImG 

=  (-l/7r)Im[G,(l-C,K)-].  (18) 

Thus  at  zero  temperature  we  have 
n(i,  ct;R)  =  (-l/ir)  Im  (/,  a,  R|C(£)|/,  c.  R> 

J-x 

+  2;|(t,or;R|'I^,.)l^  (19) 

where  £„  is  the  valence  band  maximum  and  the  sum¬ 
mation  runs  over  the  occupied  bound  state;  in  the 


band  gap.  The  bouivid  states  are  normalized  according 
to  the  condition  [20] 

('P;|nci/d£)[Go(£)]K|'I',.)  =  -l.  (20) 

Following  Hjalmarson  etal.  [14],  the  defect 
potential  V  s  H-Hg  is  diagonal  in  a  Lowdin-orbital 
basis  for  the  perturbed  crystal,  with  the  values 

(/,a;R|K|/,ar;R>  =  3..[£(/,(r;R)-iy(/,cr,-R)]  (21) 

where  p,  =  0.8  for  i  =  s  and  p,  =  0.6  for  i  =  p,,  p^, 
or  p.  [14].  W  is  the  value  of  £  for  Si.  Thus  the  defect 
potential  depends  implicitly  on  the  occupation 
numbers  n  through  Equations  (21)  and  (16),  and  the 
occupation  numbers  depend  on  the  defect  potential 
through  Equations  (17),  (18),  and  (19).  The  differ¬ 
ence  between  (S,S)'’’  and  (S,S)°  comes  ultimately 
from  the  difference  in  occupation  numbers  n,  which 
are  self-consistently  determined.  We  solve  this  prob¬ 
lem  iteratively  and  find  a  self-consistent  solution  to 
the  equations.  The  resulting  occupation  numbers 
are  given  in  Table  3.  As  expected,  (/)  they  add  to 
(almost)  six  electrons  per  S  atom  and  four  per  Si, 
and  (ii)  they  are  almost  the  same  for  (S,S)'’'  and 
(S,S)‘’ — as  was  the  case  for  isolated  S*  and  S°  [9] 
(See  Table  4.). 

5.  RESULTS 

5.1.  Charge-State  Splitting 

The  principal  result  of  the  calculation  is  a  charge- 
state  splitting  for  (S,S)  of  0.19eV  that  agrees  re¬ 
markably  well  with  the  experimental  value  of  0.18eV 
[12, 13].  For  the  isolated  substitutional  sulfur  impurity, 


Table  3.  Computed  Occupation  Numbers  n(/,ar;R) 
for  the  (S,S)  Defect  in  Si. 


Occupation  Number 

(S.S)” 

(S.S)’ 

S„n(sCT:Ro) 

2.01 

1.96 

3.86 

3.86 

S,n(s(r:R;) 

1.26 

1.26 

2.65 

2.60 

Table  4.  Computed  Occupation  Numbers  for  the 
Isolated*S  Defect  in 

Occupation  Number 

(S)" 

(S)* 

S,/i(sa:Ro) 

1.97 

1.92 

3.84 

3.87 

2„a(s(T:R,) 

1.25 

1.30 

^^.(7  Pjl^«  ^  1 ) 

2.64 

2.57 

Ocioher  19S9 
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we  find  a  charge-state  splitting  of  0.27  eV,  compared 
with  the  experimental  value  of  0.30  eV  [12, 13].  The 
smaller  charge-state  splitting  for  the  gap  deep  level 
of  (S,S)  than  the  gap  level  of  S  is  due  largely  to  the 
p-like  character  of  the  “molecular”  level  (which  is 
derived  from  the  isolated-S  resonance  in  the  con¬ 
duction  band,  not  from  the  isolated-S  Ai  deep  level 
in  the  gap).  Because  of  this  p-like  character,  the 
deep  level  of  (S.S)"^  has  only  about  5%  of  its  elec¬ 
tron’s  charge  on  either  S  site,  whereas  the  s-like  Ai 
deep  level  of  S*  has  about  10%  of  an  electron  in  the 
central  cell.  (See  Tables  5  and  6.)  About  54%  of  the 
charge  lies  on  the  six  neighboring  Si  atoms,  with  the 
rest  being  further  away  from  the  defect. 

5.2.  Charge  Densities  and  Hyperllne  Tensor 

Our  charge  densities  are  essentially  the  same  as 
those  of  Sankey  etaL  [1, 2)  for  (S,S)'’  and  Ren  etal. 
[5]  for  (S)'’ — and  so  agree  with  the  data 
[3,11,13,21,22],  as  those  theories  do.  For  sulfur 
pairs  Sankey’s  wavefunction  coefficient  7,  [2, 21, 22] 
is  0.21  and  0.20  for  (S,S)°  and  (S,S)'’^,  respectively; 
we  find  0.18  for  both  charge  states  [23]. 

The  hyperfine  tensor  A  depends  on  the  contact 
interaction  with  the  nuclei  and  hence  samples  the 
deep  level’s  charge  density  at  the  relevant  sites.  Thus 
the  various  measured  ratios  of  hyperfine  tensor  ele¬ 
ments  are  related  to  charge  densities  at  the  defect’s 
sites,  as  discussed  in  detail  by  Sankey  etal.  [1,2]. 
We  find 

(A,-Aj/(At+2AJ  =  0.016  , 

compared  with  Sankey’s  values  of  0.015.  (These 
small  values  explain  why  the  experimental  hyperfine 
tensor  has  appeared  to  be  isotropic  for  such  an  aniso¬ 
tropic  defect.)  We  are  unaware  of  any  measurement 
of  this  ratio  for  (S,S)*,  but  the  corresponding  ratio 
measured  for  (Se,Se)*  is  0.01  [3].  The  comparison 
of  theoretical  results  for  (S,S)  with  data  for  (Se,Se) 
is  appropriate,  despite  one’s  initial  impulse  to  the 
contrary,  because  the  wavefunctions  of  S  and  Se  deep 
levels  in  Si  are  known  to  be  almost  the  same  [2, 5], 
due  to  the  antibonding  character  of  the  deep  levels: 
these  levels  are  Si  dangling-bond-like  [14]. 

for  the  ratio  of  S-site  hyperfii ;  tensor  components 
of  the  “molecule”  (S,S)'’  and  the  “atom”  (S)*,  we 
find 

A,[(S,S)*]Mf[(S)*]-0.35, 

in  agreement  with  the  experimental  value  of  0.37  [3]. 
(The  same  result  is  obtained  for  Se  and  S  [3],  lending 


Table  5.  Computed  Electronic  Charge  Distribution  of 
the  ai-Symmetric  Meso-bonding  Deep  Level  State  in  the 
Fundamental  Band  Gap  of  Si  Associated  with  Nearest- 
Neighbor  Substitutional  Sulfur-Pair  Impurities  (S,S)^. 
The  Index  pi  Runs  Over  x,  y,  and  z;  the  Index  Runs 
Over  Ro  and  R|,  That  is.  Over  the  Sulfur  Sites:  and 
Ry,  Runs  Over  Rj,  Rj,  R<,  Rs,  R*,  and  R7:  the  First- 
Neighbor  Silicon  Atoms  to  Each  S  Impuri'y. 


State 

Electron  Charge  (%) 

2y|(4'|s,Ry(S))|V2 

3.4 

Iy.^|('P|p„Ry(S))iV2 

L9 

2y.|('P|s.Ry.(Si)>r-/6 

1.3 

2y..J('Pip,.Ry(Si)>lV6 

7.7 

Table  6*  Computed  Electronic  Charge  Distribution  of 

the  A)  Deep  Level  State  in  the  Si  Band  Gap  Associated 
with  a  Single  Substitutional  Sulfur  Impurity  (S)'’'.  The 

Index  is  X, 

and  2. 

State 

Electron  Charge  (%) 

i(';'!s.Ro(S))p 

9.6 

2J('1'1p,.Ro(S)>P 

0.0 

2y|('Pis,Ry(SI))l-/4 

1.7 

S,.,K'Pip..R,(Si)>|V4 

13.8 

support  to  our  argument  that  the  ratios  of  hyperfine 
tensor  components  are  almost  independent  of 
chalcogen.) 

We  find  the  ratio  of  perpendicular  to  parallel  prin¬ 
cipal  hyperfine  tensor  components  to  be 

Ai/A|  =  0.95 

for  (S,S)*.  This  is  in  good  agreement  with  the  value 
0.97  that  Womer  and  Shirmer  [3]  found  for  (Se.Se)’. 
(The  corresponding  ratio  for  (S,S)*  could  not  be 
determined  experimentally.) 

Thus  our  results  describe  the  data  very  well  and  so 
lend  support  to  the  meso-bonding  picture  of  the 
(S,S)  deep  levels  in  the  gap  of  Si,  while  confirming 
the  antibonding  character  of  the  A,  isolated-S  deep 
level. 

5.3.  Absolute  Level  Positions 

The  VogI  model  of  electronic  structure  has  a 
feature  that  is  reflected  in  the  absolute  energies  of 
the  calculated  S  and  (S.S)  deep  levels,  namely  the 
p-states  are  artificially  depressed  in  energy  due  to 
the  strong  s*-p  coupling,  necessaty  to  produce  the 
correct  indirect  fundamental  gap  while  simultane¬ 
ously  restn'eting  the  basis  set  to  only  five  orbitals  per 
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atom.  As  a  result,  the  calculated  absolu'e  deep  level 
energies  of  both  S  and  (S.S)  are  several  tenths  of  an 
eV  below  the  corresponding  experimental  values 
[24].  This  problem  is  analogous  to  a  more  serious 
difficulty  of  local  density  theory,  which  yields  band 
gaps  too  small  by  typically  a  factor  of  two  [20, 25, 26]. 
In  the  Vogl  model  of  Si,  the  strength  of  the  s*-p 
coupling  is  adjusted  to  depress  the  indirect  conduction- 
band  minimum  to  its  observed  energy.  This  has  the 
effect  of  also  depressing  p-like  deep  levels  in  Si, 
sometimes  by  too  much.  One  could,  of  course, 
correct  for  this  by  including  more  and  more  orbitals 
in  the  basis  set;  but  the  costs  of  such  a  correction,  in 
terms  of  increased  computational  labor  and  reduced 
physical  transparency,  normally  outweigh  the  bene¬ 
fits,  It  is  easier,  and  almost  as  accurate,  to  simply 
mentally  adjust  the  p-like  deep  level  predictions  of 
the  Vogl  model  upwards  in  energy  by  a  few  tenths  of 
an  eV;  normally  it  does  not  make  sense  to  formally 
correct  the  theory.  Nevertheless  we  can  assess  the 
seriousness  of  this  problem  by  increasing  the  energy 
of  the  s*  orbital  until  the  neutral  isolated-S  deep 
level  coincides  with  the  experimental  level  at  0.86  eV 
(with  respect  to  the  valence  band  maximum)  and 
then  determine  if  the  charge-state  splittings  of  S  and 

(5.5) ,  as  .well  as  the  absolute  energy  of  the  (S,S)° 
level,  agree  with  the  data.  In  this  case  we  find  that 
the  charge-state  splitting  of  S  is  0.32  eV  (compared 
with  the  e,xperimental  value  of  0.30  eV  [12, 13]  and 
the  value  0.27  eV  obtained  with  an  unadjusted  s* 
energy),  the  charge-state  splitting  of  (S.S)  is  0.15  eV 
(versus  experiment  with  O.lSeV  [12. 13]  and  unad¬ 
justed  theory  of  0.19  eV),  and  an  absolute  (S,S)® 
level  of  0.97  eV,  in  agreement  with  the  observed 
energy  0.98  eV.  Furthermore  the  totally  antibonding 
/4|-derived  a, -symmetric  deep  levels  of  (S,S)“  and 

(5.5) ’^  lie  in  the  valence  band,  not  in  the  gap  [27].  The 
calculated  charge-state  splitting  is  almost  independ¬ 
ent  of  the  approximations  of  the  sp''s*  Yogi  model. 

6.  SUMMARY 

We  conclude  that  the  basic  physical  picture  of  a 
meso-bonding  (S.S)  deep  level  in  the  fundamental 
band  gap  of  Si  is  valid,  that  the  charge-state  split.ing 
of  (S.S)  is  smaller  than  that  of  isolated-S  because  of 
the  p-like  meso-bonding  character  of  (S,S)  versus 
the  s-like  A,  character  of  the  S  deep  level,  and  that 
the  iheor>’  predicts  the  charge-state  splittings,  cl...r;4e- 
denslrics,  and  hyperfine  tensors  with  rather  good 
accuracy:  for  example,  the  uncertainty  in  the  charge- 
state  splitting  predictions  associated  with  quirks  of 
the  model  is  of  order  0.01  eV. 
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APPENDIX:  ISOLATED  SULFUR 

For  a  single  substitutional  S  impurity  in  Si.  the 
defect  potential  involves  the  impurity  site  and  the 
four  neighboring  sites.  With  the  relevant  Lowdin 
orbitals  being  s,  p,,  p,.,  and  p.,  this  leads  to  a  20x20 
defect  matrix,  and  tetrahedral  (7^)  point-group 
symmetry.  The  twenty  basis  functions  form  linear 
combinations  (See  Table  2)  that  reduce  the  secular 
matrix  to  the  direct  sum  3A,  +  £+ r,+473. 

Our  calculated  results  for  S  in  Si  differ  in  numer¬ 
ical  detail  from  those  of  reference  [9],  although  the 
physics  of  reference  [9]  is  still  correct.  The  present 
numerical  results  supersede  those  of  reference  [9], 
and  are  different  as  detailed  in  reference  [18].  TTie 
resulting  occupation  numbers  are  given  in  Table  4. 
The  wavefunction  coefficients  7;  [2]  for  (S)"  and 
(S)*  are  0.30  and  0.31,  respectively.  These  compare 
favorably  with  the  value  for  (S)*  of  0.32  obtained  by 
Ren  eial.  [5].  Thus  we  have  9.6%  (Table  6)  of  the 
deep  level’s  charge  in  the  central  cell,  whereas  the 
experiments  find  =»  10%  [13, 22].  Moreover,  the 
nearest-neighbor  hybrid  is  89%  p-like  in  the  present 
theory  (See  Table  6:  [13.8/(1.7+13.8)]),  compared 
with  =*91%  deduced  from  ESR  and  ENDOR  data 
by  Grimmeiss  etal.  [13]  and  Niklas  and  Spaeth  [22]. 
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ABSTRACT 

Tlio  strain  energy  of  ordered  phases  of  ternary  III-V  alloys  has  been  estimated. 
A  chalcopyrite  structure  is  found  to  always  have  a  lower  strain  enerey  than  Ixl 
superlattices  oriented  along  the  (0.0,1)  or  (1,1,1)  directions.  Ga-As  an'ei  In-.As  bond 
lengths  in  ordered  compounds  GalnAso  are  found  to  be  in  good  agreement  with  the 
.\likkelsen-Boyce  EXAFS  measurements  for  the  alloy.  The  effect  ofboth  ordering  and 
strain  on  the  bandstructure  is  also  considered, 

1.  INTRODUCTION 

Recent  reports  of  new  ordered  structures  in  the  ternary  III-V  alloys  Afi-xGa^As, 
Ga.Asi.xSbx  and  Gai-xIOxAs  for  x  s  ^  and  x  ::  U  have  kindled  considerable  interest  in 
the  semiconductor  community.  Remembering  that  a  zinc-blende  structure  is  composed 
of  two  face-centered  cubic  (fee)  sublatticcs,  and  ignoring  the  atoms  located  on  the 
"pas.''ive"  non-ordering  sublattice,  one  finds  that  the  newjy  discovered  x  =  ^ 
semiconductor  structures,  termed  the  (0,0,1)  1x1  superlattice,  cnalcopyriie,  and  (1,1,1) 
1x1  superlattice  (see  Fig,  1),  are  all  related  to  the  fee  special-k  point  structures  of 

metals:  (0,0,1),  (0,^,1),  and  (1.1,1),  space  groups  P4/mmm,  I4i/amd,  and  RJm.2 

ABCj  Structures 


*  *  ( 001 )  Sgoeriottfes  Chcuonyrite  t III !  SgDerlc:ti:e 

(pSSm)  (142(1)  (R3m) 

FIGURE  1.  Special-k  point  structures  for  ordered  compounds  ABC;:  k  =  (0,0,1),  1x1 
superiatiice  oriented  along  the  z  direction;  k  =  (0,t,l),  chalcopyrite;  and  k  =  (1,1,1), 
1x1  superiatiice  or.'cnied  along  the  (1.1,1)  direction.  Also  shown  are  the  respective 
space-group  dcsic::.ations  of  each  crystal  type.  Note,  each  structure  is  shown 
undisioried  froi::  the  parent  zinc-blende  form’.  Cations  A  and  are  shown  as  large 
open  and  shaded  circles,  respectively,  and  the  anions  C  are  shown  as  smaller  filled 
circles. 
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The  structure  reported  for  x  = 
structure. 


famaiinite,  shown  in  Fig.  2,  is  also  a  (1  JO)  spccial-k 
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FIGURE  2.  Special-k  point 
structures  for  AB3C4  ordered 
compounds:  k  =  (0,0.1),  luzonite, 
and  k  =  (0,J,1),  famaii:'.ite. 


Not  known  presently  is  the 
stability  of  the  phases  found.  All 
experimental  reports  have  used 
epita-xial  growth,  suggesting  strongly 
the  possibility  of  strain  stabilization. 
Mbaye  et  al.,*3  who  have  calculated  a 
phase  diagram  in  a  tetrahedron 
approximation,  used  strain  argu¬ 
ments  to  axplain  why  ordered  phases 
are  not  normally  seen. 

The  existence  of  sizable  strains 
in  the  materials  due  to  the  tetrahed¬ 
ral  sp3  bond  is  clearly  the  feature 
that  distinguishes  the  semiconductor 
ordering  problem  from  that  in  met¬ 
als.  Thi.s  paper  investigates  the 
effects  of  strain  on  the  new  ordered 
compounds.  Strain  energies  for  the 
five  special-k  structures  are  found. 
Finally,  the  effects  of  strain  and 
order  on  the  bandstructure  of  the 
new  ordered  forms  is  investigated, 


using  as  examples  the  (0,0,1  )-oriented  superlattice  and  chalcopyrite  ordered  structures. 
2.  THEORY 

2.1  The  Effects  of  Strain  on  Structure 

We  estimate  the  strain  energy  of  a  semiconductor  from  a  simple 
phenomenological  formula  due  to  Harrison:-* 


E„rai„  =  iCo(«)-  +  5Cl(V 


(1) 


Tins  formula  has  two  contributions:  A  bond-stretching  term,  present  because  there  is  a 
natural  bond  length  between  any  pair  of  a.o:ns.  and  a  bond-bending  term,  indicating 
that  the  energy  should  increase  if  angles  deviate  from  those  in  a  perfect  tetrahedron. 
The  pa.-ameters  Co  and  C|  are  fit  to  elastic  constants. 

Our  calculations  start  by  specifying  the  atomic  positions  in  the  ordered 
structure.  For  each  type  of  structure,  there  is  an  obvious  symmetry-allowed  distortion 
that  best  accommodates  the  bond-stretching  and  bond-bending  forces.  For  example, 
for  chalcopyrite,  see  Fig.  1,  the  positions  of  ti»e  ?  atoms  in  the  basi.<!  are  given  in  terms 
of  just  three  parameters,  the  dimensions  a  and  O'*  of  the  body-centered  tetragonal  (bctl 
unit  cell,  with  c  s  a  s  iio,  with  ao  the  dimension  of  the  parent  zinc-blende  cube,  and  an 
internal  coordinate  va::able  p  (p  -  Jao).'  Similarly,  the  su|)erlaltice  oriented  along  the 
(0,0.1)  direction  has  as  its  parameters  the  dimciisions  of  the  distorted  cube,  a’c,  and  an 
internal  coordinate  h  (h  a  Jao)  that  is  the  distance  alxtve  li.c  z  =  0  pia.ne  of  an  anion  C. 
{The  supe.'lattice  oriented  alc;:g  the  (1.1,1)  direction  is  rhombohedral  in  .'ymmetry  and 
IS  characterized  bv  5  parainete.'s.j  Then,  for  each  atom  it:  the  basis  of  the  structure,  we 
simply  tabulate  all  oontribiitiiitis  to  Eq.  (1).  and  then  miitiniize  the  strain  encrg\‘  with 
respect  to  the  f:ce  parameters.  By  evaluating  Eq.  (1)  at  its  minima,  we  h.avc  found 
both  the  positions  of  all  atoms  as  well  av  the  size  of  the  strain  energy. 
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2.2  Randst  met  lire  Calculations 

In  our  calculations  of  bandstructurc,  Nve  employ  a  modified  empirical  tight- 
binding  Hamiltonian  that  includes  the ''5  atomic  orbitals  s,  px?  Py»  p^/ancl  s".  Such  a 
Hamiltonian  is  known  to  be  accurate  for  the  valence  bands  and  the/conduction  band 
edge  of  zinc-blende  semiconductors.  The  parameters  of  this  Hamiltonian  have  been 
determined  by  fitting  to  experimental  data  for  all  III-V  zinc-blende  compounds  by  \  ogl 
et  al«® 

Calculations  use  as  input  the  positions  of  the  atoms  in  each'/type  of  unit  cell  and 
follow  the  standard  .Slater-Koster  method,  e.g.,  strain  forces  a  modification  of  the 
direction  cosines  used  in  the  tight-binding  .Hamiltonian  of  the/, zinc-blende  structure.'* 
The  required  tight-binding  parameters  are  found  from  the  parent  lll-y  compounds, 
e.g.,  we  use  Harrison's  Law,'*  that  the  product  of  pearest-nei^ghbor  matrix  elements  ' 
with  the  square  of  the  bond  length,  Vd^,  should  be  nearly  constant.  Finally,  we  have 
included  the  effects  of  valence-band  offsets  on  the  ordered-compound's  bandstructure,* 
and  have  concluded  that  these  corrections  are  small. 


3.  RESULTS 

We  have  computed  the  strain  energies  and  effects  of  strain  on  five  types  of 
ternary  III-V  ordered  compounds.®  Here  we  simply  quote  results  for  a  prototypical 
semiconductor  alloy,  Gai.xln,x.'\s.  •5 

In  Fig.  3  we  show 
results  for  the  Ga-.As 
bond  lengths  (squares) 
and  In-.As  bond  lengths 
(diamonds)  in  the 
Gaj.xInx.As  family  of 
compounds.  For  x  =  0  or 
1.  the  bond  length  is  that 
of  the  zinc-blende  (Z) 
compounds  GaAi  or 
In.As.  For  x  =  :,  luzonite 
compounds  (L)  contain 
three  Ga-.As  bonds  for 
every  In-.As  bond,  while 
famatinite  compounds 
(F)  have  two  long  and 
one  short  Ga-.As  bonds 
for  each  In-.As  bond.  .A 
similar  result  holds  for  x 

FIGURE  3.  Calculated  bond  lengths  in  the  =  3/4.  For  x  =  f,  the  - 

Gai-xInxAs  family  of  compounds.  (0,0.1)-oriented  superlat¬ 


tice  (3)  and  chalcopyrite  compounds  have  equal  numbers  of  Ga-.As  and  In-.As  bonds, 
whilfc  the  rhomobohe’dral  (R)  il.l,l)-oriented  suiwrlattice  contains  three  long  and  one 
short  Ga-.As  bond  and  three  short  and  '.ne  long  In-.As  bond. 

The  dashed  line  shown  in  Fig.  3  indicates  Vegard's  Law  expected  for  the  average 
bond  length  measured  in  the  ailoy  by  x-ray  diffraction.  Mikkeisen  and  Boyce®  have 
shown  u.^ing  EX.AFS  (extended  x-ray  ab.torption  fine  strucMre)  measurements  that 
there  are  two  distinct  bond  lengths  in  Gai-xInx.As  alloys,  one  for  each  type  of  bond. 
The  solid  lines  in  Fig.  3  that  pVs  throttgh  the  parent'  zlitc-blende  compounds  .-tre  iti 
good  agreement  with  the  slopes  of  the  .Mikkelsen-Boyce  data  for  the  alloy.  The.'v  lines 
pass  through  compounds  with  either  simple  cubic  or  simple  tetragonal  sytnuiOiry, 
jParallei  to  those  line.s  are  lines  passing  through  the  body-centered  toirhiOnal 
compounds,  famatinite,  and  chalcopyrite.)  We  interpret  this  agrwment  follows. 
The  allity  is  to  be  thoiteht  of  as  a  mixture  of  all  possible  orientations  of  tetralted.*:i 
•AsGanlnVn.  Portions  of  the  alloy  may  show  incipient  order  of  the  type?  shown  in  Figs. 
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1  and  2.  The  EXAFS  data  arc  staiistical  averages  of  the  configurations  found  in  the 
alloy:  a  line  near  the  middle  of  the  distribution  oi  possible  bond  lengths  isTound.  More 
importantly,  the  faa  that  the  average  results  for  the  strain  calculations  alone 
reproduce  well  the  EXAFS  data  impics  that  charge-transfer  effects  are  probably  only  a 
small  correction  for  the  III-V  family  of  compoundsJO 

Shown  in  Fig.  4  are  the  ca!:.ula- 
led  strain  energies  of  the  oraered 
structure's.  For  x  =  1/4  and  3/4,  we 
find  that  the  famatinite  structure 
has  the  lowest  ene.*-g}%  while  for  x  = 
the  chaJeopynte  structure  is 
lowest  in  energy,  followed  then  by 
the  (0,0,1)  .'Uperlattice  (S)  and  then 
by  the  rhomtohedral-symmctry  (R) 
superlattice  oriented  along  the 
(1,1,1)  direction.  These  results  axe 
consistent  with  the  calculated  bond 
lengths  shown  in  Fig.  3.  For  e>:anip- 
le,  for  rhombohedral  symn-.^nry, 
there  are  two  types  of  Ga-.As  (In-.As 
bonds).  One  bond,  found  in  a  tetra¬ 
hedron  GaIn3As,  which  is  near  the 
parent  bond  length,  and  the  other 
one,  found  with  a  3-f:  'd  degeneracy, 
in  a  tetrahedron  Galn.Asa,  at  a 

distance  quite  far  from  the  parent  bond  length.  It  is  easily  seen  from  Eq,  (1)  that  those 
structures  with  large  bond-leng*ii  deviaitions  from  the  parent  zinc-blende  compounds 
will  tend  to  have  a  large  strain  energ\'.  As  a  general  trend,  we  find  that  struct urb  with 
a  body-centered  tetragonal  Bravais  lattice  most  easily  accommodate  strain. 

Turning  finally  to  electronic  properties,  in  Figs.  4  and  5  we  show  the  low- 
temperature  bandsinirtures  of  two  GaIn.Af^2  ordered  structures,  liie  (0.0.1)  superlatiice 
and  chaicopyriie  structure.  The  band  gap  of  the  (0,0,1)  superlattice  is  at  0.S7  eV, 
compared  with  C.Sl  eV  in  the  alloy  for  x  =  0.47,”  and  0.S3  eV  in  chalcopyrite. 
Notaiable  is  the  strain  splitting  of  the  top  of  t!ie  valence  band.  Because  the  local  strain 
field  of  the  tetraliedror.  has  opposite  orientations  liie  iwo  structures,  ,witi.  the  z 
di^cctic’  singled  out  in  the  (0,0,1)  superiaii.ce,  ai  .a  .xy  plane  in  chalcopyrite  (see 
Fig.  1),  the  heavy  hole  is  higher  in  the  (0.0.1)  $7  , lattice  tha:  in  chalcopyrite. 
Obviously,  these  two  structures  wih  have  distinguishable  experimental  spectra. 


0.04 


FIGURE  4.  Calculated  strain 
energies  of  the  Gaj-xInx.As 
family  of  compounds. 


(001)  SupcrU'.tice:  Cilr.ASj  Chtlcopyrile.  CaIhas, 


FIGUIIE  5.  Band.'  rnaures  of  the  (0.0.1  )-orientcd  superlattice  and  of  the  chalcopyrite 
forms  of  Galn.Asa  compountis. 
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i.  CONCLUSIONS 

We  have  invanigatcd  the  relative  stability  for  compounds  of  the  three 
possible  ordered  x  =  t  siriictures:  the  (0,0.1)- and  (1,1. l)-oriented  1*1  supcriattices  and 
chalcopyrilc.  Without  using  a  second-neighbor  interaction  on  an  fee  lattice, ^  we  find 
that  the  strain  energj-  due  to  the  Iwtiding  of  anions  to  cations  alone  is  enough  to 
distinguish  the  three  pha.<:es.  Our  calculations  predict  that  the  chalcopyritc  structure 
should  have  a  lower  ene:g\-  than  either  type  of  stipcriattice.  Similarly,  wc  find  that  for 
•v  =  j.  the  famatinite  structure  has  lower  strain  energj'  than  the  luxonitc  structure. 

Our  strain  calculations  also  allow  us  to  predict  structural  parameters  such  as 
bond  lengths  for  the  new  ordered  III-V  compoundi.  This  in  turn  allows  us  to 
investigate  the  influence  of  order  and  strain  on  the  bandsiructurc  of  these  structures. 
We  hope  our  calculations  will  aid  experimentalists  in  the  search  for  additional  new 
ordered  semiconductor  compounds. 
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INTRODUCTION 

Impurity  levels  determine  the  electrical  properties  of  semiconductors 
and  often  strongly  influence  the  optical  properties  as  well.  Until  rather 
recently  it  was  widely  believed  that  "shallow  impurities,”  namely  those 
impurities  that  produce  energy  levels  within  «0.1  eV  of  a  band  edge,  were 
well  understood  in  terms  of  hydrogenic  effective-mass  theory  (1),  However 
“deep  impurities”  were  regarded  as  more  mysterious,  having  levels  more  than 
0.1  eV  deep  in  the  gap;  and  several  theoretical  attempts  were  made  to 
understand  why  their  binding  energies  were  so  large.  While  specific  deep 
levels  were  explained  rather  well  by  the  early  theories,  most  notably  the 
pioneering  work  of  Lannoo  and  Lenglart  on  the  deep  level  in  the  gap 
associated  with  the  vacancy  in  Si  (2),  numerous  attempts  to  explain  why  the 
binding  energy  of  a  particular  level  might  be  large  (making  the  level  deep), 
rather  than  small,  continued  until  recently,  when  it  was  realized  that  this 
basic  picture  of  impurity  levels  was  incomplete  (3,4) , 

DISTINCTION  BETWEEN  DEEP  LEVELS  AND  DEEP  IMPURITIES 

Now  it  is  "-ecognized  chat  every  impurity  whose  valence  differs  from  that 
of  Che  host  atom  it  replaces  produces  both  deep  and  shallow  levels,  but  that 
the  "deep”  levels  often  are  not  deep  energetically.  The  definitions  of  deep 
and  shallow  levels  have  been  changed  (3):  now  a  deep  level  is  one  that 
originates  from  the  central-cell  potential  of  the  defect,  and  a  shallow  level 
originates  from  the  long- ranged  Coulomb  potential  due  to  the  impurity-host 
valence  difference.  Impurities  that  are  s-p  bonded  normally  produce  four  deep 
levels  in  the  vicinity  of  the  fundamental  band  gap:  one  s-like  and  three 
p-like.  More  often  than  not,  the  deep  levels  do  not  lie  in  the  band  gap  but 
are  resonant  with  the  host  bands.  Thus,  in  terms  of  the  old  picture,  these 
resonant  levels  have  negative  "binding  energies."  The  four  deep  levels  are 
normally  anti-bonding  and  host- like  in  character.  As  a  result,  several 
diffurent  deep  impurities  produce  levels  with  essentially  the  same 
wavefunccio'ns  (5.6). 

In  contrast  to  Che  deep  levels,  whose  wavefunctions  are  relatively 
localized  and  have  multi-band  character,  shallow  levels  have  wavefunctions 
chat  are  extended  in  real  space  and  of  single-band  character  (localized  near 
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a  band  extremum  in  k- space).  The  shallow  levels  are  hydrogenic,  originate 
from  the  long-ranged  Coulomb  potential,  are  associated  with  the  impurity-host 
valence  difference,  and  have  binding  energies  of  reduced  Rydbergs,  i.e., 
scaled  from  13,6  eV  by  factors  of  effective  mass  and  the  inverse  square  of 
the  dielectric  constant  (resulting  in  binding  energies  of  typically  tens  of 
meV) .  Shallow  jvels  can  be  obtained  by  solving  an  effective-mass  Schrodinger 
equation  for  the  envelope  wavefunction  ^(r),  which  is  (assuming  isotropic 
effective  mass  m*  and  dielectric  constant  i) 


((-HV2ra*)72  -  (eVer)]^  -  (E-Eo)<i, 


(1) 


where  Eq  is  the  band  extremum  to  which  the  level  is  ^attached," 

The  attachment  to  a  near-by  band  edge  is  the  experimental  signature  of  a 
shallow  level,  and  can  be  verified  by  measuring  the  energy  of  the  level  and 
the  band  edge,  either  versus  alloy  composition  x  in  an  alloy  such  as 
Aij^Ga^.j^As  or  GaAsj^,j^Pj^,  or  versus  pressure.  In  contrast  to  shallow  levels, 
deep  levels  are  not  attached  to  band  edges,  and  their  energies  (with  respect 
to  the  valence  band  maximum)  tend  to  vary  more-or-less  linearly  with  alloy 
composition. 

DEPENDENCE  ON  ALLOY  COMPOSITION 


Fig,  1  summarizes  data  (7)  for  the  alloy-composition  dependence  of 
levels  associated  with  anion- site  impurities  in  GaAs^^^P^  alloys.  The  levels 
associated  with  S,  shallow  doner  levels,  follow  the  conduction  band  edge  as 
the  composition  varies,  and  are  "attached"  to  it.  Se  levels  exhibit  the  same 
behavior  as  S.  The  N  and  0  levels  vary  approximately  linearly  with  alloy 
composition  and  are  unattached  to  any  band  edge.  These  data,  when  first 
obtained,  were  rather  perplexing,  because  0,  S,  and  Se  were  expected  to 
behave  the  same,  since  all  came  from  Column-VI  of  the  Periodic  Table,  and  all 
were  presumed  to  occupy  a  Column-V  anion  site,  By  the  o)d  definition,  the 
oxygen  state  was  clearly  a  deep  level,  lying  more  than  0,1  eV  from  the 
conduction  band  edge.  The  N  level,  however,  had  the  same  qualitative 
dependence  on  alloy  composition  as  the  0  state  (indicating  it  should  be 
classified  as  deep) ,  yet  it  was  close  enough  to  the  band  edge  in  GaP  to  be 
classified  as  shallow  by  the  old  definition  of  a  shallow  level.  Moreover  it 
was  energetically  deep  in  the  gap  for  GaAsQ  ^Pq  5,  but  invisible  (possibly  in 
the  conduction  band)  for  GaAs. 

The  N  level  data  in  GaAs^,j^Pj^  provided  an  important  clue  for 
understanding  the  physics  of  deep  impurities,  because  N  is  isoelectronic  to 
As  and  p,  and  so  the  substitutional  impurity  has  no  long-ranged  Coulomb 
potential:  its  level  could  only  be  explained  in  terms  of  the  central-cell 
defect  potential  (and,  possibly  also  the  modest  strain  field  around  the 
impurity)  (4).  The  natural  explanation  for  the  data  of  Fig.  1  is  that  the 
central-cell  potential  produces  the  oxygen  deep  level  ar i  that  the  N  level  is 
similar  to  the  oxygen  level,  and  should  also  be  termed  "deep,"  The  shallow  S 
(and  Se)  levels  are  caused  by  the  Coulomb  potential  associated  with  the 
valence  difference  between  the  Column-VI  impurities  and  the  Column-V  host,  S 
and  Se  must  also  have  deep  levels  similar  to  the  oxygen  deep  level,  but  their 
deep  levels  must  be  resonant  with  the  conduction  band  of  GaAsj^^j^Pj^  for  all 
alloy  compositions  x,  and  hence  are  invisible  (as  with  the  case  for  N  when 
x<0.2).  Thus  the  picture  has  emerged  chat  the  central-cell  potential  produces 
deep  levels,  and  the  Coulomb  potential  yields  shallow  levels  (which  ideally 
are  infinite  in  number,  because  a  Coulomb  potential  has  an  infinite  number  of 
bound  states).  For  s-  and  p-  bonded  substitutional  impurities,  we  expect  one 
s-like  and  three  p-like  deep  levels  associated  with  every  band,  based  on 
Rayleigh's  interlacing  theorems  (8);  this  means  that  in  the  vicinity  of  the 
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GqAs  X  GaP 

Fig.  1.  Scheroaclc  llluscration  of  the  dependences  of  the  shallow  S  (or 
Se)  level  (dashed)  and  the  deep  N  and  0  levels  (solid)  on  alloy  coicposltion  x 
In  after  Ref.  (7].  The  energies  of  the  band  edges  and  are 
also  shown.  The  zero  of  energy  Is  the  valence  band  maximum  of  the  alloy. 
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band  gap  of  a  zinc -blende  semiconductor  we  should  find  one  s-like 
(A^^- symmetric)  deep  level  and  one  triply  degenerate  p-like  (T2-syrametric) 
level  for  each  impurity.  The  oxygen  and  nitrogen  levels  of  Fig.  1  are  the 
symmetric  deep  levels.  In  a  three-dimensional  material,  there  is  no 
guarantee  that  any  of  the  deep  levels  due  to  the  central -cell  potential  will 
lie  in  the  fundamental  band  gap,  and  so,  as  in  the  case  of  S  and  Se  in 
GaAsj^.j^Pj^,  the  deep  levels  may  all  lie  outside  of  the  band  gap  or  else,  as  in 
the  case  of  oxygen,  one  (or  more)  may  lie  within  the  gap.  (Fig.  2) 

The  character  of  an  impurity  as  "shallow"  or  "deep"  is  determined  by 
whether  one  or  more  deep  levels  lies  within  the  fundamental  i«and  gap.  For 
example,  oxygen  in  GaP  is  a  deep  impurity  because  its  s-like  Aj^  deep  level 
lies  in  the  band  gap,  and  is  occupied  by  one  electron  when  the  oxygen  is 
neutral  and  in  its  ground  state.  This  one-electron  level  can  hold  two 
electrons  of  opposite  spin,  but  when  oxyg^\n  is  neutral,  it  holds  only  one, 
(the  extra  electron  due  to  the  valence  difference  between  0  and  P) ,  In  the 
case  of  S  or  Se,  the  central-cell  potential  is  weaker  than  that  of  0,  and  the 
corresponding  deep  level  is  degenerate  with  the  conduction  band  rather  than 
in  the  gap.  The  resonant  level  cannot  bind  the  extra  electron,  which  spills 
out  and  decays  to  the  conduction  band  edge  (via  the  electron-phonon 
interaction);  once  at  the  conduction  band  minimum,  the  electron  is  ti*apped  by 
the  long-ranged  Coulomb  potential  in  a  shallow  impurity  level  --  and,  because 
the  ground  state  of  the  S  or  Se  Impurity  in  this  host  has  an  electron  in  the 
shallow  level,  the  S  or  Se  impurity  is  termed  a  shallow  impurity. 

DEEP-SHALLOW  TRANSITIONS 


It  is  possible  to  change  the  character  of  an  Impurity  from  deep  to 
shallow  by  perturbing  the  host  until  a  deep  level  passes  from  the  band  gap 
into  the  host  bands.  Straightforward  ways  to  achieve  such  a  change  are  to 
apply  pressure  or  to  vary  the  alloy  composition  of  the  host,  N  changes  its 
character  in  GaAs^^^P^  as  a  function  of  alloy  composition  x:  it  yields  a  deep 
level  in  Che  gap  for  x>0.2  and  so  is  a  deep  impurity  for  such  alloy 
compositions,  but  for  x<0.2,  neutral  N  is  neither  a  shallow  impurity  (because 
it  has  no  long-ranged  Coulomb  potential)  nor  a  deep  impurity  (because  its 
deep  levels  are  in  the  conduction  band),  and  so  we  term  it  an  "inert 
impurity,"  Thus,  in  GaAsj^.j^P„  for  x«0.22,  N  undergoes  a  "deep-inert 
transition,"  See  Fig.  I,  A  classic  example  of  a  similar  "deep-shallow 
transition"  is  Si  on  a  cation  site  in  A-^^^Gaj^.j^As ,  which  has  a  deep-level 
behavior  similar  to  that  of  N  in  GaASj^,j^Pv,  (See  Fig,  3.)  As  a  result, 
neutral  Si  is  a  deep  impurity,  with  one  electron  occupying  its  Aj^-symmetric 
deep  level  for  x>0.3,  but  is  a  shallow  impurity  for  x<0.2  because  the  deep 
level  is  resonant  with  the  conduction  band  and  the  electron  is  autoionized, 
falls  to  the  conduction  band  edge,  and  is  trapped  by  the  Coulomb  potential  of 
the  defect.  This  Si  defect  is  thought  to  be  the  DX  center  [9-11],  or  at  least 
a  component  of  it  [11,12],  It  is  noteworthy  that  when  cation-site  Si  is  a 
shallow  impurity  (i.e.,  its  deep  levels  are  resonant  with  the  conduction 
band),  it  dopes  the  material  n-type.  But  when  it  is  a  deep  impurity  (wirh  its 
A^  level  in  the  gap)  the  neutral  impurity  can  trap  either  an  electron  or  a 
hole  in  this  level,  and  so  tends  to  make  the  material  semi- insulating. 


DEEP- SHALLOW  TRANSITIONS  IN  SUPERUTTICES 


Deep-shallow  transitions  occur  in  random  alloys  such  as  A^j^Gaj^^^As 
because  the  deep  levels  are  much  less  sensitive  to  changes  of  alloy 
composition  x  than  the  band  edges.  Only  slightly  overstating  the  point,  we 
may  say  that  the  deep  levels  are  almost  constant  in  absolute  energy,  and  that 
varying  x  can  cause  the  conduction  or  valence  band  edge  to  move  through  the 
deep  level.  Since  deep  levels  are  normally  only  observed  when  they  lie  within 
the  fun',  imental  band  gap,  varying  alloy  composition  changes  the  *  indow  of 
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Fig,  2.  Illuscraclor.  of  che  difference  becween  a  shallow  Impurlcy  such 
*is  S  on  a  P  sice  In  Gap  and  a  deep  Impurlcy  such  as  0,  Shallow  levels  are 
dashed  and  deep  levels  are  solid.  If  che  deep  levels  lie  oucslde  of  che  band 
gap,  the  excra  eleccron  occupies  che  lowesc  shallow  level  ac  zero  teroperacure 
and  che  Impurlcy  Is  a  shallow  donor. 


GqAs  Composition  x  AlAs 

Fig.  3,  Chemical  trends  with  alloy  composition  x  In  che  energies  (In  eV) 
of  principal  band  gaps  at  F,  L,  and  X,  with  respecc  Co  che  valence  band 
maximum  of  che  alloy,  In  che  alloy  Aij^Gaj^,j.As,  as  deduced  from  che  Vogl  model 
(15).  Also  shown  Is  the  predicted  energy  of  che  A^-symmecric  cation-sice  deep 
level  of  Si  (heavy  line),  similar  Co  che  predictions  of  HJalmarson  (11).  .The 
Vogl  model  is  known  to  obtain  very  little  band  bending.  Moreover  che  L 
minimum  for  xe*0.45  is  known  to  be  ac  a  bit  coo  low  an  energy  In  chis  model. 
When  che  deep  level  of  neutral  Si  lies  below  che  conduction  band  minimum,  it 
is  occupied  by  one  eleccron  (solid  circle)  and  one  hole  (open  triangle).  When 
chis  level  is  resonant  with  che  conduction  band,  che  electron  spills  out  and 
falls  (wavy  line)  co  che  conduction  band  minimum,  where  it  is  crapped  (ac 
zero  temperature)  in  a  shallow  donor  level  (noc  shown) , 
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observability  of  deep  levels,  namely  the' band  gap.  Thus  selecting  the  alloy 
composition  so  that  a  given  impurity  produces  a  shallow  level  rather  than  a 
deep  one  is  a  form  of  ”band-gap  engineering*” 

Similar  band-gap  engineering  can  be  achieved  by  altering  the  atomic 
ordering  in  the  semiconductor  by,  for  example,  making  the  host  a  superlattice 
rather  than  a  random  alloy.  For  example,  Si'on  a  Ga  site  in  the  center  of  a 
GaAs  quantum  well  In  a  N2^xN2  GaAs/Aij^Ga*<  superlattice  can  be  made  to 
undergo  a  shallow-deep  transition  by  reducing  the  thickness  of  the  quantum 
well  until  the  conduction  band  maximum  of  the  superlattice  passes  above  the 
Si  deep  level  (See  Fig.  4,).  The  dependence  on  alloy  composition  of  a  Ga-site 
deep  level  in  a  2x2  GaAs/Ai^Gaj^^^As  superlattice  is  given  in  Fig,  5,  and 
shows  that  even  near  the  center  of  a  GaAs  layer  Si  can  become  a  deep  trap  if 
the  layer  is  sufficiently  thin  or  two-dimensional. 

Fig.  6  shows  the  predictions  for  the  cation-site  deep  level  in  bulk 
GaAs,  in  a  3x10  GaAs/A^Q  ^Csq  ^As  superlattice,  and  in  bulk  A/q  ^Gsq  ^As  for 
Si  at  various  sites  p  in' the  superlattice.  In  this  superlattice 'the  deep 
level  lies  in  the  gap  and  Si  is  therefore 'a  deep  impurity.  In  N^xNo 
superlattices  such  that  the  GaAs  layers  are  not  very  chin,  the 

superlattice  conduction  band  edge  approaches  the  bulk  GaAs  conduction  band 
edge,  and  therefore  the  conduction  band  of  the  superlattice  covers  up  the  Si 
deep  level,  making  Si  on  a  Ga  site  a  shallow  donor  in  the  superlattice, 

T2  levels 

The  examples  we  have  given  thus  far  all  consider  only  A^- symmetric  bulk 
deep  levels.  The  T2  bulk  levels  are  split  in  a  (001)  superlattice  into  a^^, 
bj^,  and  b2  levels,  as  illustrated  in  Fig,  7  for  Che  As  vacancy.  The  valence 
band  maximum  is  also  split  into  a  (p^^+Py) -like  (or  bj^-  or  b2-like)  maximum 
and  a  p^-like  (or  a^^-like)  edge  slightly  below  it.  For  sites  near  the  ^-0 
interface,  the  b^  deep  levels  have  orbitals  and  energies  similar  to  the  T2 
levels  of  bulk  GaAs  and  the  b2  levels  are  Af^Ga|^,„As-like.  The  splittings  are 
small  even  for  impurities  at  the  interface,  of  order  0,1  eV,  and  decrease 
rapidly  as  the  impurity  moves  from  the  interface.  They  are  non- zero  even  near 
the  center  of  the  layers,  however,  because  the  valence  band  maximum  is  split, 
and  so  the  spectral  densities  employed  in  solving  £q.  (2)  below  are  also 
split. 

Three  factors  Influence  the  positions  of  deep  '*evels  in  Che  superlattice 
layers:  (1)  the  band  offset,  which  tends  to  move  the  levels  down  in 
AJ?^Ga|^,^As  relative  to  in  GaAs,  (ii)  quantum  confinement,  which  tends  to 
cause  levels  In  GaAs  and  the  p^-like  levels  in  particular  to  be  farther 
from  Che  center  of  Che  gap,  and  (lii)  the  relative  electropositivity  of  Af 
with  respect  to  Ga,  which  tends  to  move  energy  levels  up  when  Che  associated 
wave  functions  overlap  an  Ai-rich  layer.  To  determine  the  balance  among  these 
competing  effects,  a  calculation  is  required, 

FORMALISM 

Our  basic  approach  to  the  problem  of  deep  levels  in  superlattices  is 
based  on  the  theory  of  Hjalmarson  et  al.  (3),  This  theory  Is  relatively  easy 
to  implement  and  learn,  and  has  been  summarized  in  accessible  lecture  notes 
[13]  for  deep  levels  in  the  bulk.  Nelson  et  al.  (14]  have  provided  an 
alternative  approach  to  deep  levels  in  superlattices  which  is  especially 
well-suited  to  small-period  superlattices. 

The  deep  level  energies  E  in  a  superlattice  can  be  computed  similarly  by 
solving  the  one-electron  Schrodinger  equation,  using  the  ^^.een's  function 
method  to  take  advantage  of  the  localized  nature  of  the  central-cell  defect 
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Fig.  Schematic  illustration  of  the  quanc\un-well  confinement  effect  on 
the  band  gap  Elg-p(SL)  of  a  N^xN2  GaAs/AiQ  yGaQ  ^As  superlattice,  after  Ref, 
(12]:  (a)  and  (b)  N2'*3A,  The  ban^i  edges  of  the  superlattice 
are  denoted  by  chained  lines.  For  this  alloy  composition  the  superlattice  gap 
is  indirect  for  case  (b),  with  the  conduction  band  edge  at 
lc-(2r/aj^) (1/2, 1/2,0),  Jlote  the  broken  energy  scale.  The  zero  of  energy  is  the 
valence  band  maKimum  of  GaAs, 


Fig,  5.  Predicted  chemical  trends  with  alloy  composition  x  in  the 
energies  (in  eV)  of  principal  band  gaps  and  the  Si.  A^- symmetric  deep  level  in 
a  (GaAs)2(A-2^Ga|^.j^As)2  superlattice.  Compare  with  Fig.  3  for  the  alloy.  The 
superlattice  wavevectors  of  the  gaps  are  U-S,  K~(2:T/aj^) (1/2, 1/2,0) ,  which  has 
states  derived  from  the  L  point  of  the  bulk  Brillouin  zone,  and  the  points 
derived  from  the  bulk  X-point:  (2;r/a» )  (0,0,  (Ni+Noj ‘^) ,  (where  Ni«N9-2),  and 
(27r/aL)(l,0,0). 
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Fig,  6,  Predicted  A^-derived>  deep  le^Jels  of  SI  in  GaAs,  in  a  3x10 
GaAs/A^Q  7GaQ  ^As  superlacclce  (as  a  function  of  0,  the  position  of  the  Si  in 
the  superlattice) ,  and  in  bulk  A^q  yGaQ  3AS,  Interfaces  (which  are  As  sites) 
correspond  to  0|  6,  and  26.  Note  that  in  bulk  GaAs  Si  is  a  shallow  donor, 
but  that  in  this  superlattice  and  in  bulk  A^q  ^Gsq  ^As  it  Is  predicted  to  be 
a  deep  irapurlty. 


Bull  Qgtk 


0  9  10  15  20  25  30  35  40 


Site  0  in  superlattice 

Fig.  7.  Predicted  energy  levels  of  an  As-vacancy  in  bulk  GaAs,  in  a 
(GaAs)3Q(AfQ^^GaQ  3As)|^q  superlattice  (as  a  function  of  0,  the  position  of 
the  vacancy:  even  values  of  0  correspond  to  As -sites) ,  and  in  bulk 
Aio,7Gao  3AS,  after  Ref.  [12).  Note  the  splitting  of  the  T2  levels  at  and 
near  the' interfaces  which  correspond  to  iS  -  0,  20,  and  40.  The  electron 
(hole)  occupancies  of  the  deep  levels  in  bulk  GaAs  and  bulk  A^q  ^GaQ  3AS  are 
denoted  by  solid  circles  (open  triangles) . 
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pocencial  operator  V: 


det  (l-G(E)V)  -  0  -  dec  (1  -  P;(5(E'-H)  V/(E-E'))  dE'). 

(2) 

Here  we  have  G(E)  -  (E-H)*^,  where  H  is  che  hosC  HamilconLan  operacor,  P 
denotes  che  principal  value  integral  over  all  energies,  and  5(x)  is  Dirac's 
delta  function.  For  simplicity  of  presentation,  we  consider  a  periodic 
GaAs/Aij^Gaj^.j^As  superlatcice  grown  in  the  (001)  direction.  This  superlattice 
has  two-atom  chick  layers  of  GaAs  and  N2  two-atom  chick  layers  of 
A.?^GaJ.j^As  stacked  alternately  in  a  periodic  structure.  Ve  assume  that  che 
layers*are  perfectly  lattice-matched.  We  describe  che  superlattice 
Hamiltonian  in  terms  of  an  s*sp^  basis  similar  to  that  of  Vogl  ec  al.  (15). 
Our  Hamiltonian  is  a  nearest-neighbor  tight-binding  model,  and,  in  the  limit 
of  X  -  0,  is  Identical  to  the  Vogl  model  for  GaAs.  We  treat  che  superlattice 
using  a  superhelix  or  supercell  method:  (for  che  case  x  -  1)  a  superhelix  or 
supercell  is  a  iJelical  string  with  axis  aligned  along  che  (001)-  or 
z-direction  consisting  of  +  2N2  adjacently  bonded  atoms  As,  Ga,  As,  Ga. 
As,  ...  Ga,  As,  Ai,  As,  AJt.  As,  A^,  ...  As,  Ai.  (For  x  ^  1,  replace  Ai  by  che 
virtual  cation  A.?^Ga^,j^.)  The  center  of  this  helix  is  at  L  and  each  of  che 
atoms  of  the  helix  is  at  position  L  +  (for  /3-0,  1,  2,  2N|^+2N2-1).  The 

superlattice  is  a  stack  of  superslabs.  A  superslab  of  CaAs/^J^Ga^^^As 
consists  of  all  such  helices  with  che  same  value  of  and  all  possible 
different  values  of  1^,  awH  Ly.  The  origin  of  coordinates  is  taken  to  be  at  an 
As  atom  and  a  neighborin/j.  cation  is  at  (1/4, 1/4, 1/4 )aj^,  where  a^^  is  the  ^ 
lattice  constant.  At  each  sice  there  are  five  s*sp'^  basis  orbitals  |n,L,v^), 
where  n  -  s*,  .s,  Pj^,  Py,  or  p^  and  che  site  is  specified  by 

^  -  0,1,2 . 2N|^+2N2-1.  From^chese  basis  orbitals  we  form  the  sp^  hybrid 

orbitals  at  each  site  R  (L^v^),  The  hybrid  orbitals  are 

Ih^.R)  -  (is.R)  +  +  A|py,R)  +  A|p2.R)1/2 

|h2»R)  -  (|s.5)  +  -  AlPy.R)  -  A|p2,R))/2 

|h3,R)  -  (!s.R)  -  MPj^.R)  +  A|py,R)  -  A|p2.R)!/2 

and 

IHa.R)  -  (|s,R)  -  A|p»,R)  -  Alpy.R)  +  A|p_,R)l/2 

^  (3) 

where  we  have  A  -  +l  (-1)  for  atoms  at  anion  (cation)  sites.  Introducing  che 
label  w  -  s*,  hi,  h2,  h3,  cr  h^,  our  hybrid  basis  orbitals  are  |i/,R),  and  the 
related  tight-binding  orblC6\ls  (16)  are 

|i/,^,lc)  «  Sj*  exp  (lk'L+lk*v^) 

^  P  P 

where  Ic  is  (in  a  reduced  zone  scheme)  any  wavevector  of  the  mini -zone  or  (in 
an  extended  zone  scheme)  any  wavevector  of  the  zinc-blende  Brillouin  zone. 
Here  Ng  is  che  number  of  supercells. 

The  mini-zone  wavevector  Ic  is  a  good  quantum  number.  Evaluation  of  the 
matrix  elements  (u,^,l;|H ,1c)  leads  to  a  tight-binding  Hamiltonian  of  che 
block  tridiagonal  form.  For  example,  che  diagonal  (In  0)  5x5  matrix,  H(j3,^) 
at  site  0,  is 
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H(^.;3)-(t',^.k|H|x/',^.k)  -  0  T 

\  0  T 

\0  T 


0 

T 


T 


0 

T 

T 


where  we  have  the  hybrid  energy 
«h  -  <‘s  +  3‘p)/^ 

and  the  hybrid-hybrid  interaction 

T  -  • 


(5) 


(6) 


(7) 


The  energies  and  T  in  H(fitP)  reter  to  the  atom  at  the  ^-th  site,  and 

are  obtained  from  the  energies  w  tabulated  by  Vogl  et  al.  (15),  To  account 
for  the  observed  (17)  valence  band  edge  discontinuity  of  32%  of  the  direct 
band  gap  (18),  a  constant  is  added  to  and  for  Aij^Gaj^.^As;  this 

constant  is  adjusted  to  give  the  valence  band  maximum  or  Ai^^Gai  ,j^As  below  the 
valence  band  maximum  of  GaAs  by  of  the  direct  band  gap  difference  in  the 
limit 

Expressions  for  the  remaining,  off-diagonal  matrix  elements 

,K)  or  are  given  in  Ref.  (12).  The  Hamiltonian  matrix 

has  dimension  5(2N^+2N2)  for  each  ^1c.  We  diagonalize  this  Hamiltonian 
numerically  for  each  (special-point)  ic^  finding  its  eigenvalues  E  j*  and  the 
projections  of  the  eigenvectors  l7,lJ>  on  the  hybriil  basis: 

Here  7  is  Che  band  index  (and  ranges  from  1  to  200  for  Nj^-N2-10) 
and  Ic  lies  within  the  roini-Brillouin  zone  in  a  reduced  zone  scheme.  With 
these  quantitites,  we  can  evaluate  Eq.  (2)  for  the  HJalmarson  model  of  the 
defect  potential  matrix  V  (3):  the  matrix  is  zero  except  at  the  defect  site 
and  diagonal  on  that  sice,  (0,  V^,  V  ,  V-,  V-),  in  the  Vogl  s*sp^  local  basis 
centered  on  each  atom.  The  point-group  for  a^gcneral  substitutional  defect  in 
a  GaAs/liJ^ypOi^^^hs  (001)  superlattice  is  C2y,  provided  the  Aij^Ga^,^As  is 
treated  in  a  virtual  crystal  approximation.  In  the  GaAs/Afj^Gaj^^^^As 
superlattice  the  and  T2  deep  levels  of  the  bulk  GaAs  or  Aij^Ga^^^^As  produce 
two  a^  levels  (one  s-like,  derived  from  the  Aj^  level  and  one  To-derived 
p^-like),  one  level  ( (Pj^-fPy) -like) ,  and  one  b2  level  ( (Pj^-p,,) -like) .  Of 
course,  for  impurities  far  from  a  GaAs/Aij^Ga^^^^As  interface,  the'^  s-like  a^ 
level  will  have  an  energy  very  close  to  the  energy  of  a  bulk  A^  level,  and 
p^-like  a^  level  and  the  and  b2  levels  will  lie  close  to  the  bulk  T2  level 
also. 


The  secular  equation,  Eq,  (2),  is  reduced  by  symmetry  to  the  following 
three  equations: 

G(bi :E)  -  V  for  b,  levels. 

^  (s: 


G(b2:E)  -  Vp*^  for  b2  levels, 

and 


(9) 


/  G(s.s:E)  V.  -  1 
dec  ^ 

\  G(z.s;E)  Vg 


G(s,2:E)  Vp  \ 
G(z.z:E)  Vp  -  1/ 


(10) 
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for  levels,  where  we  have 

G(bj^:E)-S^  j*  I(hl,/3,k|7,k>-(h4,^,k|7.k>|  V2(E-E  g) . 

■  (11) 

G(b2:E)-S^  jj  l(h2,;S,k|7.k>.(h3,/9,k|7,k>|V2(E-E  j*) , 

'  (12) 

G(s,s;E)  - 

^7,lc  l(*'l-^-^lTf-^(h2.^.iJ|7.E>f(h3.^,k|7,'!J>+(h4,/3.E|7.S>|V(E.E^  ,*). 

(13) 

G(z,z:E)  - 

(14) 

and 


G(s,z;E)-E^  j*  ((hi.^.ic|7.E>Kh2.;9.ic|7,ic>+(h3,/3,lc|7.Ic>+(h4.^.ic|7.K>) 

X  ((hi,^,lc|7.K>-(h2.^.1«|7.jc>-(h3.^,i;|7,ib-f(h4.yJ.E|7.K>l*/(^(E*E^,]{)) 

(15) 

Here  G(z,s:E)  Is  Che  Hermlclan  conjugate  of  G(s,z;E)  and  fi  is  cho  sice  of  the 
defect  in  Che  superlatclce. 


For  each  site  fi  the  relevant  host  Green's  funcclons,  Eqs.  (11)  to  (15), 
are  evaluated  using  the  special  points  method  [19J,  and  the  secular  equations 
(8)  CO  (10  are  solved,  yielding  E(bi:V  ).  E(b2:V  ).  and  two  values  of 
B(ai;Vg,V  ),  The  defect  potential  mattlx  elements  V  and  are  obtained 
using  a  s«.lght  modification  of  Hjalmarson's  approach  120).  For  N'l-No-lO, 
there  are  40  possible  sites  fit  each  with  four  relevant  deep  levels:  two  ai 
one  h^t  and  one  b2:  thus  there  are  160  levels. 


SUMMARY 


With  the  basic  approach  outlined  here,  one  can  compute  the  deep  levels 
associated  substitutional  Impurities  In  lattice-matched  superlattlces 
and  predict  the  conditions  under  which  deep-shallow  and  deep- Inert 
transitions  are  to  be  expected. 
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Oc^dnic  sti^ctur0  and  deep  inipQHty  levels  ih  [1 1 
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A  thtory  of  the  electronic  structures  of  periodic  A',  X  A;  GaAs/Aij,Ga,  _  ,  As  superiattic:^ 
grown  along  the;(  1 1 1  ]  direction  is  printed:  Deep  levels  ass^iated  with  s-  and'p^lwnd^ 
substitutional  impurities  in  these  superlattices  are  ai^.predictedi  ltn's  fouridlthatrCi)  in 
contrast  with  (001  ]  superlattices,  [  1 1 1  (  supcrlattices  are  almost  always  direct  band-gap 
supcriattices.  (ii)  The  [111]  superlaUices  exhibit  weaker  quantum-well  confipeincm.tiia;'  the 
wrresponding  (001  ]  superlatticcs.  (iii)  As  the  thickness, ir(GaAs),  of  each-GaAsJ^yer  is 
reduced  below  a  critical  value =s  13  A  or  A',  =4  for  x  ==  0.7')vfcommon  shailow  dbtjpr 
impurities  such  as  Si  cease  donating  electrons  to  the  conduction-band  and  inst^d  become  deep 
traps.  For  (HI]  supcriattices  r,  is  smaller  than  the  corresponding  for  (001  ]  supcriattices. 
The  fundamental  band  gap  and  the  band  edges  of  the  superlatticc,  andhence  the  ionization 
energies  of  deep  levels,  depend  strongly  on  the  layer  thickness  /(Ga  As)  but  only  weakh.  on 
/(AljjGa,  _;,.As).  The  T,-  and  ^4, -derived  deep  levels  (of  the.bulk  pojht  group  Tj)  are  .'i-  't 
and  shifted,  respectively,  near  a  GaAs/AljGa,  As  interface:  the p-like  Ts  level  split.s  into  an 
fl,  ( p„-like)  level  and  a  doubly  degenerate  c  ( p_-like)  level  of  the  point  gritup  for  an;,  general 
superlattice  rite  (Cj^),  whereas  the s-]ikey4,  bulk  level  becomes  an  a,  (r-like)  level  of  C,,..  The 
order  of  magnitude  of  the  shifts  and  splittings  of  deep  levels  at  a  Ga.As/Al,Ga,  _  ;,As  inter!,  ce 
is  less  than  0.1  eV,  depends  on  x,  and  becomes  very  small  for  impurities  more  than  =’3  aionitc 
planes  away  from  an  interface.  These  predictions  are  based  on  a  periodic  superslab  calculation 
for  Unit  superslabs  with  total  thickne:.:.  /(Ga.As)  -b  r.-Al^Ga,  _,-As)  as  large  as  65.3  A  cr 
AV+  .A;  =  20  two-atom-thick  layers.  Tiic  H::miltonian  is  a  tight-binding  model  in  a. hybrid; 
basis  th<it  is  a  generalization  of  the  Vogl  model  and  properly  accounts  for  the  nature  of 
interfacial  bonds.  The  deep  levels  are  computed  using  the  Hjalmarson  et  al.  theory  (Phys.  Rev. 
Lett,  44,  810  (1980)  ]  and  tne  special  points  method. 


I.  INTRODUCTION 

The  theoretical,and  e.\perimental  riudy  of  semiconduc¬ 
tor  supcriattices  has  become  a  vety  important  area  of  basic 
semiconductor  physics,  device  physics,  and  materiris 
science.  GaAs/A^Ga,  _,As  supcriattices,'*'  which  are 
commonly  grown  in  the  (001  ]  direction,  are  the  ones  that 
have  been  most  thoroughly  studied  and  understood.  Impuri¬ 
ties  play  a  vety  important  roie  in  determining  the  physical 
properties  of  seniiconducors.*’  P^eccntly  we  'published  a 
theoretical  study  of  the  electronic  structures  and  substitu¬ 
tional  deep  impurities  in  such  superlattices, ''•*  which,  we  be¬ 
lieve.  is  the  first  systematic  theoretical  study  of  deep  levels  in 
superlattices.  In  the  last  few  years,  people  have  begun  to 
inveriicate  superlattices  grown  in  the  ( 1 1 1  ]  direction,  both 
experimentally*'*'  and  theoretically."*'’  Here  we  present  a  the- 
oiy  of  the  electronic  structures  of  GaAs.^Al..^  Ga,  _ ,  As  su- 
perlatticcs  grown  in  the  (111]  direction."’  and  we  predict 
the  energy  leveis.of  substittitional  deep  impurities  in  these 
supcriattices.  We  compare  cur  results  for  (111)  superlat- 
tices  with  those  for  corresponding  (001  ]  supcriattices.'* 

Ih  FORMALISM 
A.  Host  Hamiltonian 

We  treat  a. periodic  Ga.As/Al,Ga|  ,  As  superlattice 
who.se  layers  arc  perpendicular  to  the  bulk  ( 1  M  ]  direction. 

•"  I’crniaiicm  addro^'  DcparinK-ni  of.l’iijsitfs.  Liuvcr.snx  dI  Svicncc  .ind 
T«chnol(>$yorciiiiia.  ilctci.  Cliina. 


whicti  we  define  as  the  direction  "3.”  Tlic'bulk  direction' 
(2.  -  I,  —  l],and  (0,1,  —  1]  are  defined- as  the  directions 
‘‘1"  and  “2."  We  employ  a  nearest-neighbor  tight-binding 
Hamiltonian  wtih  an  s*sp^  basis  of  live  orbitals  at  each  site. 
Our  Hamiltonian,  in  the  limit  of  a*  =  6.  is  ici'rtttical  to  the 
Vogl  model  for  GaAs. ' '  Some  c,''flrercnc-;s  are  introduced  be¬ 
cause  of  the  superlattice,  which  we  treat  tisng  a  superhelix 
or  supercell  method.  The  superlatticc  we  coi'..sider  has  .Vj 
two-atom-thick  layers  of  GaAs  and  A’;  two-atom-thtek  l:.y- 
ers  of  AlJ^.Ga,  _j,As  repeated  periodically;  the  G-aAs  and 
Al.vGa, _,,As  are  assumed  to  b<  pertec'ly  lattice 
matched.  We  denote  this  superlatticc  either  as  a 
(GaAs).s  {AI,.Ga,._j,As).v,  supcriattiu  or  as  a 
GaAs/Al.Ga,  _y.As  superlattice  with  .V,  GaAs  layers  and 
A;  Al,G:.._jfAs  layers,  or  as  an  A', X A'.  Ga.As/ 
Al ,  Ga ,  _  ^  .As  superlattice. 

W  •  first  define/(for  the  case  a  —  1 )  a  superhelix  or  su- 
-perccli  as  a  helical  string  with  axis  aligned  along  the  ( )' ;  | 
directio*.  •.•jaisisting  of  2.V,  -j-  2.A;  adjacently  bonded  atoms 
As.  Ga.  .As.  03'  As....,  Ga,  -As,  Ah  As.  Al.  As.  .Al....,  Ari  .Ah 

(For  .v=  1,  replace  Al  by  AI.Ga, .  ,.)  The  center  of  this 
heli.N  is  at  L  and  each  of  the  atoms  of  tin-  helix  is  at  position 
L  -r  V,,  (for  ^  =  0.  1 ,  2......  2.V,  -r  2 A'_  1 . .  .A  supcrsUih  of 

Ga.As/AlAGa,..  ,As  consists  of  all  such- heiices  with  the 
.same  value  of  Z.,  and  all  possible  dilfeiciii  values  (srz.,  and 
L<  aiid  the  superlatticc  is  a  stacked  array  ,>f  these  supcrslabs. 
If  the  origin  of  coordin.jtes  is  taken  ts  i  be  ai  an  A.s  atom,  t  i.c  .v 
and  .1*  axes  are  oriented  such  that .  neighboring  cation  is  at 
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where  -is  the  lattice  constant;’’  At  each  site 
thei'e  are  ^Vp’b^is  orbitals  !n;L.v^),  where  n  =  s*,s.p,,p^., 

orp,  and  ^  =  0,  I,  2 . 2AV+  2AV—  1.  From  these.basis 

orbitals  we  form  the  sp^  hybrid  orbitals  at  each  site  R 
=  (L,V/j)- 

The  hybrid  orbitals  are 

1A„R)  =  [j^,R)  |/»„R)-+/.  |p,.R)  +/:  I  A-.R)]/2, 

|Aj,R)  =  [jr.R)  +  4  |p,,R)  -  |/»,.,R)  -  /I  |/7.,R)]/2, 
|A,.R)  =  [is,R)  -/i  |p„R)  -rA\p,.,R) -A  |A-.R)]/2. 
and 

|A„R)  =  [\s,R)  -A  |;7„R)  |/?,„R)  +A  |>,,R)]/2, 

(1) 


where  /.  =  +  1(  —  i)-for  atorhs  at  anion  (cation)  sites. 
Next  we  introduce  the  label  v  =  s*.  A,,-  Aj,  A„  or  A^,  and  6uf 
hybrid  basis.ofbitals  arc  ji'.R).  In  terms  of  these  orbitals  we 
form  the  tight-binding  orbitals 

in^.k)  =  AV  2,.  exp,(/A*L4-  /lfV/,)iv,L,v,y),  (2) 

where  k  is  any  wave  vector  in  the  Brillpuin  zone  in  the  super- 
jattices.  Here  N,  is  the  number  of  supcrcells. 

The  wave  vector  is  a  good  quantum  nuinber,  and  .so  the 
tight-binding  HamllWhian  is  diagonal  in  k.  Evaluation  of  the 
matrix  elements  [v,p,k\ff  h''.y5-',k)  leads  to  a  tight-binding 
Hamiltonian  of  the  block  tridiagonal  form.  For  different  P 
and  the  first  three  rows  of  block  matrices  are 


^(0,0)  Hm)  0  .  p  i/(0,2A', -i-2A^-l)- 

^(0,1)^  /f(l,l)  m\,2)  0  0  ....0  0  (3) 

0  .fif(l,2)^  jy(2,3)  0  ....0  6. 

The  last  row  of  bjocks  is 

‘^f{0,2A^,-|-2A^2- 1)^  0  0...0  /f(2A^,-h2iV2-2,2A^,-f2A’,- 1)^  Af(2A^  +  2A;  -  1,2A', -t- 2A'j  -  1).  (4) 


Here  H{  P,p ')  depends  on  k  and  is  given  in  terms  of  various 
5X5  matrices  for  different  v  and  v'. 

The  diagonal  (in  /?)'5x  5  matrix,  H{P,P)  at  site  is 

mpJ3)  =  {vMmv'Ak) 


/€,.  0^  0  6  0  \ 

0  y,  j-  7- 

=  0  T  TT 

0  T  T  T 

\  0  T  T  T  ej 

where 


(5) 


e*  =  (e,-l-3e,)/4  (6) 

is  the  hybrid  energy,  and 

r=(6.-ep)/4  (7) 

is  the  hybrid-hybrid  interaction;  the  energies  e,. ,  e* ,  and  Tin 
P,P)  refer  to  the  atom  at  the /9  th  site,  and;  may  be  ob¬ 
tained  from  the  energies  w  tabulated  by  Vogl,  Hjalmarson, 
and  Dow.  "To  account  for  the  observed  valence-band  edge 
discontinuity  of  32%  of  the  direct  band  gap,  a  conslanf  is 
added  tof,.  ande,,  for  Al;,Ga|  _j,As;-this  constant  is  adjust¬ 
ed  to  give  the  valence-band  maximum  of  Al,,Ga|  _j,As  be¬ 
low  the  valence-band  maximum  of  GaAs  by  32%  of  the 
band-gap  difference  in  the  limit  .V,  =  -  k  . 

The  off-diagonal  matrix  elements  ( v,  p.k\I!  'v'.yJ'.klo'r 
H(  P,P')  are  best  expressed  in  terms  of  matrix  elements  of 
//  between  s*,  s,  and  p  orbitals.  This  is  accomplished  by  the 
transformation 


(v,p,k\H\v',p',}i) 

=  l„,„.C{y,n-,P)C(v,n’-,p')0,,p,k  H\n',p',k).  (8) 
where  we  have  the  s*sp^  tight-binding  functions, 

|n,/?,k)  =:A' ~'^*2,.:exp(/'k*Ii-t-/'k'Vp)|/;,L,V/,),  (9) 
and  the  5.X5  matrices  C(v,«; p)  .;re 


,n\P) 

S 

Px 

Py 

P:  \ 

s* 

h 

0 

0 

0 

0  \ 

Jh 

'  0 

1/2 

A  /2 

'{■A/2 

■{■A/2 

Ih 

0 

1/2 

^A/l 

-A/2 

-A/2 

h]. 

[  ° 

1/2 

-A/2 

-f/./2 

-A/2  : 

K 

V 

1/2 

-A/2 

-A/2 

+  A/1 

where  A  -f  1  (  —  1 )  if  ^  refers,  to  an  anion  (cation). 

There-are  several  distinct  cases  for  which  the  off-diag¬ 
onal  (in/?)  matrix  elements  («,  p,k\ff  i"'>  ^  ',k)  are  nonzero 
(for /9  #/?'). 


1.  Intramaterial  matrix  elements 

If/?  and  both  refer  to  nearest-neighbor  sites  in  the 
same  mn*erial  (either  the  GaAs  or  the  AI^Ga,  _;,As)  we 
have  (assuming  P  (md  /?'  are  in  material mumber  1,  the 
GaAs),  for  example, 

(n,P,k\H\n',P',k)  =  H,^„y,  (11) 

if^  refers  to  a  cation  and^  '  refers  to  an  anion.  is  a  5  X  5 

matrix  whose  rows  and  columns,  are  labeled  by  n,  which 
ranges  over  the  values  s*,  s,  p^ ,  p^.i  and  p. .  Similarly  we  have 
matrix  elements  and  These  matrix  ele¬ 

ments  are 


1  °  ■ 

0 

-  c„f-; 

-  C„F,. 

-QFa 

'  0 

-  C„F, 

-Coy, 

-QfJ 

c.yi 

C,.F: 

c„y. 

C.,F, 

CoV, 

c„y, 

CoF, 

C,.F,  1 

c„K, 

C„F,. 

c„y, 

QF,  / 

(12) 


Here  we  have  C„  =  g,*,  where  we  have 
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%  =  e.\p(ilf*o). 

arid  x<,  ==.(fli,r/4)  (1,1, 1.) ,  with  fli  being  the  lattice  constant 
of  GaAsjpr  AIAs.  Here  k  is.the  wave  vector..!, n  addition,  w,e 
Have 


r,  =  y(s.s), 


K  =  y 


yy^y(x.y),  V,^y(sd-,pc), 

Kj V{sc,pd),  K;,=s  y\s^d,pc), 

.and 

yT=ns*c.Pah 

in  the  notation  of  Vogl  aiJ  co-w6rkefs,"'arid 


-  y=:{Si  -gz-Sf) 

-  y7(  -gi+gzr-gj) 

-  yi -g,-g2+g.o 


y,(gi+g:+g.O 

yf(gi  -gz-g}) 


y<i(gi  -  g;  -  gz) 

'K,(g,  -r.gi-g}) 
+gj.+  g,) 


ys( -g,  +g2,-gj)  K)(  -gi  -g:  +gj) 
^jf-g'|-g2+g})  ^3{-gi+g:-^.i) 


-  gi  +g:  -g.i) 

yj  -^g,+g^.-g^) 
Ky(  -g,  -g:+{:^) 
f'jX.gi+gj+gj) 
^3(gr-g:-gj) 


4'„(  -  g,.^  g:+g.i)\ 
yj  -g,  -g:+g.xH 
y)(  -gi+gi-g')  j 

^3(g|-g2-g.»)  / 

^:(gi  ■‘■gj  +  g.O  / 


We  also  have 


.4g|.=  exp(/k‘X| ),  4g2  =  expC/k'X,), 
and 

4g3,=:  exp(»Tfxp. 

Here  we  have  X,  =  (at/4)(  l,-  I,  -  1),  Xj®  (az./4)(  -  1,1,  -  1),  and  x,  =?  (a^AX  -  1,-  1.1). 

All  o*‘the  matrix  elements  f^are  those  tabulated  by  Vogl  and  co-workers,"  for.material  number  Kviz.,  GaAs).  Identical 
expressions  exist  for  and  //rtjz,  with  Al;,Ga,  _ As  niatrix  elements.  [The  Al^Ga,  As  matrix  elements  are  obtained 
by  a  virtual-crystal  average  of  the  Vogl  matrix  elements  for  AI  As  and  GaAs:  x  times  the  corresponding  .AlAs  matnx.elements 
plus  ( 1  —  x)  times  the  GaAs  matrix  elements.] 


2.  fntemater/al  matrix  elements 

At  the  interface  between  GaAs  arid  Al,Ga,  _,As  there  will  be  nonzero  matrix  elements  of  H  for  each  bond  between 
nearest  neighbors.  These  are  /fjiji  and  : 


0 

0 

^'7(g|-g:-gj) 

f'7(-g|+g2-gj) 

f'7(-g|-gj+g3) 


0 

^|(^l+g3+g3) 
^3(g|-gi-g3) 
y$(-gi+gz-gi) 
ys( -gi-gz+g}) 


KiCgi-gj-gj) 
^.Cgi-gj-gj) 
^^(gl+gj+gj) 
I'jC-gi-gj  +  gs) 
Ijl-gi+gj-gs) 


-gi  +g:-gj) 
Kt(  -  g.  +g2.-g,0 
-  g|  r-gj+g,) 
I^zCgt  +g3  +gj) 

y3ig\-g:-g}) 


0 

0 

K,(C,-C,-C3) 
K,(-C,+C;-C,) 
F,(  -  C,  -  C;  +  Cj) 


0  Cj  —  Cj) 

^'i(C,-l-Cj  +  Cj)  KitC.-Cj-Cj) 

-r,{c,  -  c,  -  Cj)  v,(c, +'C,  +  Cj)= 

-  -  C,  C,  -  C,)  K,(  -  C,  -  C,  -t-  C,) 

-  y,{  -  c,-  c,  +  c,),  y,(  -  c,  +  Cj  -  c,) 


Kj(  —  C|  C;  —  Cf) 

Ki(  —  C|  +  ,Cj  —  Cl) 

K,(  -  C, -T  C, -J.  C,) 
+  C;  +  C,) 

y,(c,  -a-  c,) 


>'(,(-gi^.g:  +  gj)\ 

K.  ( -gi-g:  +  g,)  \ 
Kd-gi+g:-gj) 
^j(gi-g:-g,*)  / 

+  g.t)  / 

X14), 


l'ft(  “  C|  —  Cj  +  Cj) 
K,(-^C,-C,  +  C,) 
Kj(-C,-hC.-C,) 
l',(C,  -  C,  -  Cj) 
l^jCC,  +  Cj  +  Cj) 


Here  the  Vogl  matrix  elements  are  those  for  the  bond  in 
question:  If  the  cation  is  Al.,  Ga,  _ and  the  anion  is  As,  then 
the  matrix  element  is  the  Af^Ga,  _,As  matrix: dement  ob¬ 
tained  by  a  virtual-crystal  average  of  the  AlAs  and  GaAs 
values. 

After  the  tightrbinding  Hamiltonian  is  given,  calcula¬ 
tion  of  the  electronic  structure  is  straightforward.  In  this 
work  we  study  electronic  structure  and  deep  impurity  levels 
in  superlattices  as  large  as  2V,  +iV,  =  20;  that  is,  in  40- 
atonis-thick  superslabs.  The  diinensk’n  of  the  Hamiltonian 
matrix  at  each  value  ofk  is  5(2jV,  -f  2^,),  because  there  are 
five  orbitals  per  site.  We  diagonalize  this  Hamiltonian  nu¬ 
merically  for  each  (special-point)  k  in  the  Brillouin  zone 
(Fig.  1),  finding  its  eigenvalues  Ey_y  and,  if  necessary,  the 
projections  of  the  eigenvectors  j>',:k)  on  the  |v,/?,k)  hybrid 
basis:  (7',  Akjy.k).  Here  y  is  the  band  index  (and  ranges 
from  1  to  200  fbr  jV,  =  A',  =  10)  and  k  is  the  wave  vector:  it 


(15) 


FIG.  I.  The  Brillouin  zone  of  ( 11 1 1  superlaiiiws.  F  is  ai  (0.0.0).  .  t  is  at 
( I.I.l  )/(2A'i  +  2Aj),  .Vf  is  at  ( 1,  —  2.1  )/j  or  equivalent  points,  K  is  at 
(0,2,  -  2)/3  or  equivalent  points,  ali  ire  in  units  of  (2.T/a,,).  ,l*!case  note 
for  a  OaA.s/GaAs  or  AI,Gj,  ,  ,As/.AI,Ga, .  ,.As  [  1 1 1 1  superlattice,  the, 
superlatlice  P  point  might  correspond  to  the  hulk  P  point  and/or 
A((  I.I.I )  1  point  of  the  ordinary  biiik  Brillquin  zone,  and  the  superlaitice 
.Vf  point  might  correspond  to  the  .V  ptiint  aiid/or  /.(( 1,  -  1, -.1), 
(  -  1,1.1)  or  (  -  1.  -  l.D)  points  of  the  ordinary  hulk  Brillouin  zone. 
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can  be  within  the  mini-Brilipuin  .zone  in  a  reduced  zone 
Kltenie  or  within  the  GaAs  Brillouin  zone  in  an  extended 
zone  scheme.  (Weas.sume  that  GaAs  and  AIj,Ga|  _  j,As  are 
perfectly  lattice  matched.) 

B;  Deep  levels 

The  throry  of  deep  levels  is  bas'  n  the  Hjalmarson  ct 
ql.  Green’s  function  theory, whicn  solves  the  secular  equa¬ 
tion  for  the  deep  Iwel  energy  E 

detll -(/(£) K]=0 

=,det^l-?J[5(£'-iyy^ 
(£-£')!  Kj.  (16) 

Herc  l'is  the  defect  potential  matrix,'"'  which  is  zero  except 
at  the  defect  site  and  diagonal  on  that  site,  (6,  K,,  Kp,  ), 
in  the  Vpgl  s*sp^  local  basis  centered  on  each  atom.  ajso 
have  (7=  {E  —  H)~\  where  H  is  the  host  tight-binding 
Hamiltonian  operator.  The  spectral  density  operator  is 
S{E’  —  H)  and/*  denotes  the  principal  value  integral  overall 
energies.  In  the  fundamental  band  gap  of  the  superlattice,  G 
is  real. 

1.  Point^group  analysis 

A  substitutional  point  defect  in  either  bulk  GaAs  or 
bulk  Al,Ga,_j, As  has  tetrahedral  (T^)  point-group  sym¬ 
metry  (assuming  a  virtual-crystal  approximation  for 
AljjGa,  _^As).  Each  such  5/>'-bonded  defect  normally  has 
ones-like  (/!,)  and  one  triply  degenerate  p-like  (T,)  deep 
defect  level  near  the  fundamental  band  gap.  If  we  imagine 
breaking  the  symmetry  of  bulk  GaAs  by  making  it  into  a 


GaAs/GaAs  superlattice  albrig  the  ( 1 11]'  direction,  we  re¬ 
duce  the  Tj  symmetry  to.Cj,..  Iri  the  GaAs/AI,Ga,  i,As. 
superlattice  thev4i  and  T-  deep  levels  of  the'bulk 'GaAs  pr 
Al^Ga, _,As  produce  two  0|  levels  (one  s-jikei  derived 
from  the  level  and  one, rj-derived  p^ -like),  one  doubly, 
degenerate  e  level  (  p^rlike).  Of  course,  for  impurities  far 
from  aQaAs/Al;,Ga,  _,As  interface,  thes-iikea,ievel  will 
have  an  energy  very  close  to  the  enOfgy  of  a  bulk  A  |  level,  and 
the p^-like  a,  level  and  the p*.*like  e  level  will  lie  close  to  the 
bulk  T-  level  also.  But,  if  r2-derived  levels  lie  close  to  the 
valence-band  maximum,  then  the  splittirig.of  the  valence- 
band  edge  (into  a  doubly  dege:ieratep„-like  maximum  and  a 
band  edge  at  slightly  Ipwer  energy)  may,  cause  the  c, 
component  deep  level  to  lie  lower  in  energy  than  the  <?  levels 
by  an  energy  comparable  with  the  splitting  (sec  Eq.  ( 16) ). 
Note  that  this  splitting  exists  even  for  defects  distant  from 
the  interface  and  is  a  consequence  of  the  different  host  spec¬ 
tral  densities  in  the  superlattice  for  a,  and.c  states. 


2.  Secular  equations 

The  secular  equation,  Eq.  (16),  is  reduced  by  the  Cj,. 
point-group  symmetry  to  the  following  two  equations: 

G{e\E)  =  V-'  fore  levels,  (17) 

and 


(7(j,s:£)F;- 1  G{s,<r,E)V^ 
G(o,SiE)F,  Gi<T,<r,E)y^  - 1 
for  fl|  levels,  where  we  have 
G(e;E)  =  2y.Kl(/»2,/5.klr.k) 

-(Aj.i9.k|r,k>i-/2(£ -£,.,), 


(18) 


(19) 


G(.s,siE)  I (A„v9,k|y,k)  +  (Ai.  /?.k|y.k)  +  (Aj,  Ak|y,k>  -|-  /?,k|y,k)  | V4(£  -  £,.,<  ).  (20) 

(7((r,a;£)  »2^.J3(A„/?,k|:',k>  -  (Aj,/7,kiy,k>  -  (A„Ak|r,k>  -  (A4,y5,k|r,k>|Vl2(£ -£,,,),  (21) 

G{s,cr,E)  =  2,,v[  (A„/7,k|}',k)  -f-  +  .(A.„  Akly.k)  +  (A4,/?,k|y,k)] 

X(3(A„Aki,',k>  -  (A2,/7.k|y,k>  -  (A„/7,k|y.k>  -  (A4,Ak|y,k)],V[4V3(£-£,,,)].  (22) 


Hcre<7(a,j;£)  is  the  Hermitian  conjugate  of  G(s,<r;£)  and^S 
is  the  site  of  the  defect  in  the  superlattice. 

For  each  P  the  relevant  host  Green’s  functions,  Eqs. 
(19)-(22),  arc  evaluated,  and  the  secular  equations  (17) 
and  (18)  are  solved,. yielding  E{c\V^)  and  two. values  cf 
£(fl,;F,,k',).  The  defect  potential  matrix  elements  1'  and 
are  obtained  as  in  Ref.  4.  For  iV,  =  A',  =  10,  there  are  40 
possible  sites  £,  each  with  four  relevant  deep  levels:  two  o, 
and  one  doubly  degenerate  e;  thus  there  are  160  levels. 

For  our  studies  of  deep  levels  in  the  band  gaps  of 
superlattices,  we  consider  only  superlattices  such  that 
(.V,  -r  A’;)/4  is  an  integer.  In  .such  cases  the  sums  over  k  in 
Eq\  (9)-(22)  can  be  performed  using  ten  special  points.’' 
These  ten  superl.ittice  special  points  are  sufficient  to  give  the 
Green's  function  at  any  site  in  the  superlattice  with  the  .same 


I - 

accuracy  as  Chadi's  and  Cohen’s*"  ten  bulk  special  points 
would  give  for  bulk  GaAs  or  AlAs.  i.e.,  GaAs/GaAs  or 
AlAs/AlAs  superlattices.  This  level  of  accuracy  is  known  to 
be  adequate  for  bulk  Green’s  function  calculations. 

III.  RESULTS 

A.  Superlattice  band  structures 

We  first  calculate  the  band  structures  of  superLtt’.es 
for  A',  -r  A'l  =  20  at  points  of  high  symmetry  in  the  first 
Brillouin  zone  of  the  supcrkiitice  (Fig.  1 ).  Our  calculations 
produce  £,.j,,  the  superlattico  bands,  as  functions  of  A'„  the 
thicknc.ss  of  GaAs  layers  (Fig.  2).  As  the  thickness  of  the 
GaAs  slab,  /(GaAs)  =  A',<7,/t''3  (where  c,  =  5.653  A*-  is 
the  lattice  constant  of  GaAs),  or  the  number  of  GaAs  layers 
N^  becomes  small  in  comparison  with  the  thickne.ss. 
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FIG.  2.  Predicted  energies' (in  eVI  uf  the  superlattiee  coiiduction'band 
minima  and  valence<band  ma.simum  with  respect  to  the  vatencc'band  ma.si- 
mum  of  bulk  Gud.vfora  (111)  paAsMl,Ga, . ,,  As  superlattice  vs  reduced 
layer  thicknesses  A‘,  and  A’,  for  various  .V,  X  .V.  ( 1 1 1  ]  GaAs/AI>  Ga,  ,  As 
superlatticcs,  with  .v  =  0,7  and  .V,  t  A‘;  fixed  to  be  20.  The  ealeulatioits  are 
based  on  the  lowAcmpcratufe  bund  Mrnctures  of  Ca.As  and  Alii;Ga,  <  As. 
with  bulk  band  gaps  of  1.55  and  2.22  eV  respectively.  The  conduction-band- 
eigenvalues  at  r..l..V/(Z.!,andA'(//)  of  theVuperlattices  are  shown  as  solid 
circles,  9pen  circles,  solid  triangles,  and  solid  squares.  The  superlattiee  va- 
Icnce-band  ma.sinium  is  at  k  »  0.  Note,  the  broken  scale  on  the  ordinaje. 
The  conduction-band  minimum  and  the  valence-band  maximum  of,  the 
(001 1  superlatticcs  calculated  in  Ref.  -i  are  also  shuwn  here  as  dashed  lines 
(br  comparison.  The  positions  of  the  l  and  extrema  of  bulk  GuAs  at  P,  L, 
and  ,V  are  shown  on  the  right  of  the  figure,  at  A',  ■  20. 


f(Al.,Gai_,.As)  =  A';fl;/v'3,  or  number  of  layers  A;  of 
AI.,Ga,  As  slabs,  the  small  band-gap  GaAs  layers  become 
quantum  wells  surrounded  by  large  band-gap  Al.,  Ga,  _ As. 
As  a  result,  the  band  gap  of  the  superlattiee  increases  from 
the  GaAs  band  gap  toward  the  Al;,  Ga ,  _ ,  As  band  gap  as  N , 
decreases  (for  iV-  large).  This  behavior  for  ( 1 1 1  ]  superlat¬ 
tices  is  similar  to  that  found  for  ( 00 1  ]  superlatticcs.'*  The  top 
of  the  valence  band  is  at  the  Brillouih-zohe  center,  as  found 
for  [001]  superlatticcs.  We  find  the  band  gaps  of  A,XiV- 
(111)  GaAs/Al,Ga,  _,,As superlatticcs  to  be  direct  for  al¬ 
most  all  the  cases  we  calculated  (i.e.,  both  the  superlattices' 
valence-band  maxima  and  conduction-band  minima  are  at  F 
for  different  W,,  W-,  and.v),  which  was  hot  generally  the  case 
for  (001)  superlattices.  (We  did  find  one  extreme  case, 
namely  a  1 X 1 1  GaAs/AlAs  superlattiee.  in  which  the  gap 
was  indirect  by  ^.0.(36  eV.)  This  could  turn  out  to  be  a  tech¬ 
nologically  important  property  of  these  superlatticcs,  be¬ 
cause  (i)  it  means  that  [111]  superlatticcs  can  be  used  in  the 
smallest  optoelectronic  devices  and  (ii)  for  such  superlat¬ 
tices,  the  electron  effective  mass  in  the  plane  perpendicular 
to  the  growth  direction  is  always  the  electron  effective  masS 
of  bulk  GaAs,  which  is  the  smallest  effective  mass  that 
GaAs/Al,Ga,  _.,.As  can  have.  The  smaller  effective  mass 
implies  larger  mobility  and  faster  device  speed. 

B.  Quantum-well  confinement 

The  fundamental  band  gaps  for  W,  XA;(111] 
Ga.As/Al^Ga,  _  ,  As  superlattices  are  always  smaller  than 


for  the  corr«ponding.  [  00  T]  superjattices,  as  can  be  ^eh  by  a 
direct  comparison,  of  the  superlatticcs  with  two  different 
growth  difectijjns  [n  Fig.  2^  and,  for  some  iftuch  larger  super-? 
lattice  periods,  iri'Fig.  IfoFRef;  9;.  It  can  also  be  ^ecti  that'the 
smaller  the  thickness  bf  ihe  quantum-well,  ( GaAi);layerf  the 
more  significant  is  •hc.difterencc  bctweehnhe  quatjt'um-wejj' 
confinement  of  the  direct.edge  for  [oOl]  arid  H 1  IJ'superlat- 
ticcs.Fpr  the  same  number  .Vj  of  GaAs  layers,  the  thickness 
of  the  quantum  well  in  a  [1 1 1  ]  superlattiee  is  greater  than  in 
a  l^jOl  ]  superlattiee  by  a  fact6r  or2/\/3  =  1.154'7,  but  even 
if  this  factor  is  included,  the  weaker  quantum-well  confine¬ 
ment  in  the  ,[  l;ll]  superlatticcs  is  still  not  completely  e.x- 
jjlained'by  a  simple  one-band  ciTe-^tive-mass  model;''  One  of 
the  most  dramatic  differences.be:  veen  [  1 11], and  [OOl  ]  su¬ 
perlattices  of  similar  GaAs  layer  ihi.-kness  is  the  much  larger 
heavy-light  hole  energy  level  splitting  at  the  top  of  valence 
bands  of  the  .superlatticcs., For  lOx  lOGa.As/Aln.,Gao,,  su- 
periattices  this  splitting  is  0.087  eV  for  the  [  1 1 1  ]  superlat¬ 
tice,  versus  0.035  eV  forthe'iOOl  ]  superlattiee.  We  attribute 
the  smaller  quantum-well  confinement  and  the  larger  heavy- 
light  hole  splitting  in  the  [  i  1 1  ]  superlattiee  to  the  topolbgi- 
cal  difference  in  the  bonding  between  the  [  111  j  and  the 
[001  ]  superlattices.  For  e.vampjej.at  an  interface  in  a  [  111] 
GaAs/.AlAs  superlattiee,  an  As  atom  is  bonded  to  either 
three  Ga  atoms  and  one  Al  atom  or  to  three  Al's  and  one  Ga. 
In  contrast,  an  interfacial  As  in  a  [001  ]  superlattiee  is  bond¬ 
ed  to  two  Ga  and  two  Al  atoms.  This  topological  difference, 
which  has  an  intrinsic  three-dimensional  character,  affects 
both  the  valence  and  conduction  bands,  altering  their  masses 
in  a  way  that  is  not  described  quantitatively  correctly  by  a 
one-band  effective-mass  model. 

The  band  gap  is  somewhat  more  sensitive  to  changes  of 
the  GaAs  layer  thickness  than  to  changes  in  the 
.Al.,Gai  _,,As  layer  thickness  (see  Fig.  3),  as  was  the  case  for 
[001]  superlatticcs. 

C.  Defect  levels 

The  sub.stitutional  defect  energy  levels  .for  .tp'-bonded 
impurities  can  be  evaluated  u.iing  the  techniques  of  Hjalmar- 
son  et  al,,'*  as  described  above  for  superlatticcs. 


FIG.  3.  Prcdicicd  funda menial  energy-band  gaps  ai  k  =  0  of  a  (HI) 
(GaAs)  vJAl^Gu,  ,As)^  NUperlaiticc  as  a  funcuon  of  reduced  GaAs 
layer  tiiiekness  A*|  and  Al^Ga,  ,  As  lhicknes.s  A\  fur  .v  =  0.7.  Noic 
lhai  ihe  variation  of  the  gap  with  decrcasjiijf  j  from,  say,  12  to  2  is  los  tlian 
the  variation  asstKiaicd  with  changtng  .V|  from  12  tol- 
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FIG.  4.  Illiistniting  the  deep-io-shallow  transition  as  a  function  of  increas¬ 
ing  GaAs  layer  thickness  A^i  in  a  GaAs/AI.,  Cai . ,  As  A’,  x  A'-  superlattice 
(SL)  with  X  >■  0.7  and  +  A;,»  20  for  a  Si  impurity  on  a  column  III  site 
in  the  center  of  a  GaAs  layer  of  the  superlattice  host.  The  superlat^ce  con¬ 
duction-band  edge  (CRM)  and  valence-band. maximum  (VRM)  are  indi¬ 
cated  by  light  solid  line.s.  The  Si  deep  level  is  denoted  by  u  iieavy.line,  \yhich 
issoiid  when  the  level  is  in.the  gup  but  dashed  when  the  level  is  resonant, 
with  the  conduction  bandri  he  deep  level  iii  the  band  gap  for  .Aj  <N4  is  cov- ' 
ered  up  by  the  conduction  band  as  a  resuit  p/.viinnge.>  in  the  host  for;  A'l  :>  4. 
The  impurity’s  deep  level  lies  in  the  ga(i  for  .V,h4  and  is  occupied  by.  the 
extra  Si  electrons  the  Si.  in  this  case,  is  thus  u  "deep  impurity."  For  AV>  4, 
the  deep  level  lies  above  the  conduction-band  edge  as  a  resonance.  The 
daughter  electron  from,  the  Si  impurity  vyhiuh  was  destined  for  this  deep 
level  is  autoionized,  spills  oiit.  of  the  deep  resonance  level,  and  faljs  to  the 
conduction-band  edge  (light  solid  line)  where  it  ji  .subsequently  bound  (at 
low  temperature)  in  a  shallow  level  associateo  with  the  long  ranged  Cou¬ 
lomb  potential  of  t^e  donor  (indicated  by  thc  .short  light  dashed  line).  It  is 
important  to  realize  tliat  both  the  deep  level  and  the  shallow  levels  coexist 
and  are  distinct  levels  with  qualitatively  dilferem  wave  functions.  The  issue 
ofwheihcr  an  impurity  is  "deep"  or  "shallow"  is  determined  by  whether  or 
not  a  deep  level  associated  with  the  impurity  lies  in  the  band  gap.  The  com¬ 
puted  deep-shallow  transitions  !urs  for  .V,  *4  layers.  While  thequalitative 
physics  is  completely  reliable,  it  is  possible  that  the  transition  layer  thick¬ 
ness  may  differ  somewhat  from  A’|  >  4  in  real  superlattices. 


1.  Dependence  on  layer  thickness 

Figure  4  displays  the  dependence  on  GaAs  reduced  lay- 
er.thickness  .-V,  of  the  deep  Ga-sitc  .-I ,  level  of  a  Si  impurity” 
in  the  middle  of a  GaAs  layer'm  a  GaAs/.Al,,^  Ga(, .^s  super¬ 
lattice.  As  the  size  A',  of.the  GaAs  layen  shrinks,  the  deep 
levels  remain  relatively  constant  in  eirergy  with  respect  to  the 
Ga.^s  viilence-band  ma,ximum  while  ihe  conduction-band 
edge  of  the  superlattice  increases  in  energy — progressively 
uncovering  the  once  resonant  deep  level  of  Si  and  converting 
this  shallow  donor  impurity  into  a  deep  trap.'*''’*  This  shal¬ 
low-deep  transition  as  a  function  of  GaAs  well-siz.e  .V„  is 
similar  for  both  ( 1 1 1  j  and  (001  ]  .superlatiices.  But  because 
the  band  gap  of  the  ( 1 1 1 J  superlatticc  is  less  .sensitive  to 
quantum  confinement,  the  transition  of  Si  from  a  shallow  tii 
a  deep  impurity  will  occur  at  a  smaller  critical  GaAs  layer 
thicki:ess  A',.  ( Based  on  the  genera!  structure  of  the  curves  of 


Fig.  4.  it  probably  occurs  for  ;Vi.si.4  ahd  a'GaAs  layer  thick- 
new  of  order  w  =  13  A  or  iess;1 
.  A  similar  analysis  can  be  made  of  the  behavior  of  other 
impurities,  for  example^  N In  GaAs.  Nitrogen  has  a  resdhaht 
state  in  the  conduction  band  of  GaAs.  We  have  predicted^’ 
that  N  in  a  GaAs  layer  of  a  [001 )  GaAs/Al^  6a,  ^  i  As  su- 
perlatttce  will  have  an  impurity  state  in  the  band  gap  if  the 
thicknesfs  of  the-GaAs  layer  is  small  enough,  for  example, 
<48  A  or  17  molecular^layers.  Here  we  predict  that  N  in  the: 
GaAs  layers  of  a  (  lll  j  G.aAs/Al.,Ga,,_,As  superfattice 
will  have  an  impurity  state'  in  the  band  gap  if  the  thickness  of 
the  GaAs  layervis  thinner  than  <32  .A  or  ten  molecular 
layers. 


2.  As  vacancy  levels 

.Figure  5  displays  the.deep  energy  levels  in  the  band  gap 
of  an  As  vacancy  in  a  A^,  =  A^  =  10  GaAs/Al(,,7Ga„  ,,As 
superlatticc.  as  a  function  of4.  the  site  of  the  vacancy  in  the 
superhelix  or  superslab.  A  vacancy  is  simulated  here  by  let¬ 
ting  the  coefficients  of  the  vacancy  state  wave  function  at  the 
vacancy  site  vanish,  because  t.  vacancy  state  cannot'j’.ave  an 
expansion  coefficient  at  nonexisting  orbitals.''^  Several  fea¬ 
tures  of'-the  results  in  Fig;  5  are  worth  noting:  in  contrast 
with  the  (00}‘]  superlatticc  case,  the  [  1 1 1 J  superlatticcs  are 
‘  nor"symmetricar’  any  more:  the  two  interfaces'/?  =  0  and 
/?.=  20  arc  not  cquivaleht  to  each- other  any  more:  at  the 
/?=«  6  interface,  there  are  three- hyb- ids  directed  inside  the 
Al;,Ga|_,As  layer  and  one  hybrid  in  the. GaAs  layer,  but  at 
the  /?  =  20  interface,  there  are  three  hybrids  inside  the  GaAs 
iayenand  one  hybrid  in  the  Alj,-Ga,i,As  layer.  A  direct 
consequence  of  this  nohsymmetry  is  tlie  asymmdrical  posi¬ 
tion-dependence,  of  the  Fi-dcfived  As  vacancy  level.  Near 
the  interface^  =  6  thep-like  T-  bulk  As  vacancy  level  splits 
into  two  levels:  an  a,  level  and  a  doubly  degenerate  estate. 
The  a,  level  corresponds  to  a p-likc  level  with  its  orbital  per¬ 
pendicular  to  the  atomic  layers  and  has  almost  the  energy  of 
a  bulk  GaAs T-  level,  while  the  e  level  corresponds  to  two  p- 
like  orbitals"inside  the  atomic  layer,  and  has  an  energy  al¬ 
most  the  same  as  the  bv.lk  A  '.^Ga,  „ As  T- level.  However, 
near  the  interface  /?  =  20  tiie  a,,  lev  el  has  an  energy  almost 
the  samfe  as  the  bulk  Al*Ga,  As  level  with  its  orbital  ori¬ 
ented  perpcndicular  to  the  atomic  layers,  and  the  e  level  has 
ah  energy  almost  the  same  as  the  bulk  GaAs  level.  The  split¬ 
ting  between  the  a,  and  e  levels  a!  the  interface  are  smaller 
than  the  splitting  in  tlic  corresppnding  [001  ]  superlattice.-' 
of  order  less  than  0. 1  eV,  and  becomes  smaller  yet  when  the 
v.icancy  is  more  than  three  or  so  atomic  layers  from  the 
interface — but  may  not  vanish  even  if  the  defect  is  distant 
from  the  interface,  as  a  result  of  the  splitting  of  the  valence- 
band  edge  in  the  superlatticc  and  the  resulting  changes  of  tiie 
host  .spectral  density.''  The  other  general  behavior  of  the  As 
vacancy  state  in  [111]  superlatiices  is  very  si.-  i!ar  to  the 
behavior  in  [001]  superlatiices. 

Similar  behavior  to  that  fi'und  for  the  .As  vacancy  IcvcKs 
is  to  be  expected  for  all  .As  site  .vyi'-bon-Jeci  deep  impurity 
lev  els  in  Ga  A.s/.AI.  Ga,  ,  As  superlaiticc.s.  althougii  the  is¬ 
sue  of  whether  a  specific  deep  level  lies  in  the  fundamental 
band  gap  or  not  depends  on  the  defect  potential  for  that 
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FIG.  J,  Predicted  eheiriyleveliofan  As  vacancy  in  «(GaAs)|,,(Al9,,  0«njAj)iu  $up«rlaiiice,  a$a  function  of/j.iho  position  ol'ihevaconcy  (even  values  of/? 
correspond  to  .\ssites).  Note  the  splitting  of  the  Tj  levels  at  and  near  the  interfaces  ( «  0. 20,  and  40).  .md  th.it  these  vacancy  levels  lie  at  higher  energy  in 
an  Al„ ,  Oa,ij,  As  layer  than  in  a  GaAs  layer.  The  o,  and  e  ordering  changes  at  successive  interfaces.  The  zero  of  energy  is  the  valence>b;md  maximum  of  bulk 
GaAs.  and  the  corresponding  valence  band  ( VBM )  and  conduction  band  (CBM)  edges  and  deep  levels  in  bulk  GaAs  and  bulk  Ain ,  G.»,„  As  are  given  to  the' 
left  and  right  of  thp.central  flgure,  respeeiively.The  topofthe  central  hgure  is  theconductioh»band  edge  of  the  superlattice,  and  the  bottom,  corresponds  to 
the  split  valence  band  in  the  superlattice— the  valenee-bahd  ma.ximum  of  the  superlattice  being  of#  symmetry  ( p, )  and  thesplit-oif  J|  ( )  band  maximum 
lying  0.087  eV  lower  in  energy.  The  ,  level  in  the  AI,Oa, . ,  As  layer  of  the  superlattice  is  lower  than  the  corresponding  level  in  the  Ga.As  layer  because  ohhe 
band  ofliet  of  0.33  eV.  The  electron  (hole)  occupancies  of  the  neutral  deep  levels  in  bulk  GaAs  and  bulk  Alij,jGao,,As  are  denoted  by  solid  circles  (open 
triangles). 


impurity  ;,iid  on  .iV,,  ;V;,  and.x.  But  if  a  level  does  lie  in  the 
gap,  the  lower  the  energy  level  is,  the  larger  the  supcrlattice 
induced  splitting  of  it  would  be,  due  to  the  greater  intluence 
of  the  split  top  of  the  valence  band. 


3,  Cathn  vacancy  levels 

The  ,4|  built  levels  for  a  Ga  vacancy  in  GaAs  aiid  for  a 
cation  vacancy  in  Al,Ga,  _^As  all  lie  very  deep  in  the  host 
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FIG.  0.  Predicted  f.-derived  ICx  els  of  a  cation  vacancy  in  a  (Ca.-\s)  ,„(  Al,. ,  Ga., ,  A.-,)  superiaitice.  as  a  function  of  site  inde.s  !J.  the  position  ofihe  v.-icancy. 
The  /.ro  of  energy  is  the  valence-band  edge  of  bnik  GaAs.  and  the  corresponding  valence  band  and  conduction-band  edges  and  deep  levels  in  bulk  GaAs  and 
bulk  .-\l , ,  Ga,, ,  As  are  given  to  the  left  and  i  ight  of  the  central  ligurc.  re.spectively.Jhe  top  of  the  ccolral  figure  is  the  conduction-band  edge  of  the  .superiattice 
and  the  two  bottom  lines  cori<.-sp,)nd  to  th-.-/).  -like  valence  band  ma.siminn  am'  the  -.plit  .<•  -like  edge  below  it.  Eicetrons  ,-ceupying  the  levels  arc  denoted  by 
solid  circles.  Holes  initially  in  levels  Mow  tin;  vaieiwc-lhind maximum  aic  denoted  by  opvii  triangles  and  bubble  up  to  the  Viilciice-band  inasitnum.  where  the 
long  ranged  Cdulu.-nb  potential  can  trap  them  in  shallow  acceptor  levels  tnot  shown  >.  Tlie  cation  vacancy  in  balk  GaAsaiid  in  an  Al.,  -Ga,, ,  As  layer  ofihe 
superiattice  is  a  triple  shallow  acceptor,  pipviding  thfee  .such  holes  to  the  valerce  band.  In  bulk  AI.,.Ga,i ,  As  and  in  a  GaAs  layer  of  the  .superiattice.  the 

vacancy  producesadcepir.ipror  either  clectronsor  holes,  luihe  superiattice.  the  low-energy  level  inaO;'Aslaveroofui.svrhfneiry.  and  ihehigh-energv  level 

is  of  esymmeiry.  as  indicated  on  jhtf  liguw. 
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either  m  the  baik  or  at  ah  menace  of  a  GaAb/Alj,  Ga,  _  j,  As 
sup^rlattice. 

The  r.-derived  cation  vacancy  levels  produce  deep  lev- 
els-near  the  valence-band  maxima  of  both  (CX)1  J  and  (Ill] 
GaAs/Al,,Ga,_,As  superjattices'*  (see  Fig.  6),  In  bulk 
GaAsi  thfe  TV  cation  vacancy  level  is  predicted"  to  lie  =0.03 
cV.bclow  the  valence-band  maximum.  Ir  bulk  AI„,-Ga„.jiAs, 
the  predicted  vacancy  level  is  in  the  gap,- 0.1 1  eV  above  the 
AIo.7Gao,,  Asvaicnce-barid  maximum.  Ifa0.33-eV  band  olf- 
set  is  assumed  Tor  the  GoAs/AI,,  Ga^  ^  As  superlattice,-this 
vacancy  level  should  lie  0.22  eV  below  the  top  of  valence 
band  of  GaAs.  In  the  (111]  Ga.As/.Al.,  Ga,  _  ,  As  .superlat¬ 
tice  near  the  interface,  the  T;  cation  vacancy  level  splits  into 
c,  and  c  sublevels.  For  a;=0.7,  some  or  all  of  these  sublet  -.is 
may  lie  in  the  gap  of  the  superlattice.  the  energy  of  a  deep 
level  with  specified  symmetry  is  determined  by  :  balance 
between  the  conduction-band  states,  which  push  the  level 
down  in  energy,  and  the  valence-band  states,  which  repel  it 
upward.  Hence  it  can  be  easily  understood  that  the  cation 
vacancy  levels,  because  they  are  vcr>’  close  to  the  top  c(f  va¬ 
lence  band  of  the  superlattice,  are  most  affected  by  the  heavy 
(estate)-light  (a,  state)  hole  splitting  of  the  .superlattice,  as 
we  have  seen  in  the  (001  j  superlattice  case.  For  ( 1 1 1 )  super¬ 
lattices,  because  the  heavy-light  hole  splitting  is  even  larger, 
its  effect  is  even  larger. 

If  the  predictions  are  taken  literally,  then  near  the  inter¬ 
face  the  cation  vacancy  produces  a  ver>'  interesting  level 
structure,  depending  on  the  site  of  the  vacancy.  To  begin 
with,  in  a  GaAs  layer  of  the  superlattice,  the  bulk-GaAs  T; 
valence-band  resonance  becomes  either  an  e  level  in  the  gap 
of  the  superlattice  or  an  e  resonant  state  (depending  on  the 
position  of  the  vacancy),  and  an  a,  resonant  state.  The  e 
levels  lie  roughly  =0.07  eV  above  the  o,  levels,  much  more 
than  in  the  case  of  ( 001  j  superlatiices.  This  is  because  the  T- 
levels  are  near  the  valence-band  maximum  and,  in  the  super- 
lattice.  the  r,-Iike  valence-band  ma.\imum  is  split  into  a,, 
(light-hole, p, -like)  and  e  ( heavy-hole, p, -like)  edges,  and 
because  the  a,  valence-band  edge  has  a  lighter  effective  mass 
and  a  stronger  quantum-well  confinement  effect:  the  band 
edge  for  a,  ( p..-like)  states  lies  0.087  eV  below  the  edge  for  e 
states.  The  a,  states  lie  lower  because  the  band  states  deep  in 
the  valence  band  that  repel  them  are  at  lower  energy  in  the 
super!.;tiice  (this  light-hole  character  of  thep„ -like  valence- 
band  states  cause  them  to  be  driven  down  in  energy  by  the 
quantum  confinement  of  the  superlattice).  In  an 
Al„7Ga„  .,As  layer,  the  cation  deep  vacancy  levels  are  now 
all  resonant  with  the  valence  band  of  the  superlattice  (al¬ 
though  in  bulk  .Mp  iGa,,  J  As  they  lie  in  the  gap).  This  is  one 
mainly  'o  the  band  olfset  and  the  fact  that,  roughly  .speaking, 
the  dv.p  levels  do  not  move  (much)  whereas  the  valcncc- 
band  edges  do.  as  one  goes  from  bulk  GaAs  to  the  superlat¬ 
tice  to  bulk  AI„7Ga„ ,  As. 

The  neutral  Ga  vacancy  in  the  bulk  of  Ga.As  ( assuming 
its  deep  level  lies  in  the  valence  band)  is  a  triple  acceptor 
(Fig.  6).  Consider  thi.s  vacancy  at  the  r.car-interfacial  site 
^  =  lin  Ga.As:  its  levels,  in  order  of  decreasing  energy  are  c 
and  <7,.  In  all  of  the  ctises  of  Fig.  6.  the  cation  vacancy  is 
either  a  triple  -.hallow  .tcceptor  or  a  deep  trap  for  both  an 


.level  in  the  gap.  If  it.were.the  case  that  a  cation  vacancy  near 
an  ihieriace  had  all  of  its,sublevels  resonant  with  the  valence 
band  of  the  superlattice,  then,  the  vacancy  would  be  a  triple 
shallow  acceptor,  if  the  vacancy  were  near  the  center  of  the 
GaAs  layer,  the  vacancy  would  be  a  deep.trap  for  both  elec- 
tro..s  and  holes.  Because  the  cation  vacancy  lies  .so  near  the 
vaicncc-band  maximum,  relatively  small  amounts  oflattice 
relaxation  or  charge-state  splittings  of  the  defect  levels  could 
alter  the  predictions  for  tile  character  oftiie  impurities. 

All  other  Ga  site.?/.''  iionded  substitutional  impurity  7s 
levels  will  have  similar  po.sition  dependencies  to  the  ones 
found  here  for  the  Ga  vacancy.  But  if  the  energy  levels  are  far 
away  from  the  top  of  the  valence  band,  the  efiect  of  the  va- 
lencc-band  splitting  will  be  smaller. 

IV.  SUMMARY 

We  have  found  that  the  basic  physics  of  electronic  struc¬ 
ture  and  deep  impurity  level'  is  the  same  for  (111)  and 
(001]  supcriattices,  with  three  m.ior  differences:  (i)  The 
topological  difierchce  of  the  bonding  in  the  (111]  growth 
direction  and  the  (001  ]  growth  direction  cause  .significant 
differences  of  electronic  structure  and  defect  state  behavior 
in  the  superlattices:  (111]  supcriattices  almds:  :;lways  have 
direct  band  gaps,  quantum-confinement  effect.s  arc  weaker, 
and  herefore  .-hallow-decp  transitions  for  impurities  such  as 
Si  or  N  occur  at  smaller  Ca.As  quantum-well  sizes.  Thus,  the 
.(in]  :GaAs/AI.,Ga, _,,As  supcrlaiticc.s  may  prove  to  be 
better  materials  for  electronic  applications  than  the  (001] 
GaAs/,Al,,Ga,_j,.As  supcriattices.  (ii)  The  point-group 
symmei:y  of  substitutional  impurities  in  ( 1 1 1 )  superKiiticcs 
is  C,,  rather  than  C,.,  as  in  (001  ]  supcrkuiices.  Therefore 
bulk  7”-  impurity  levels  arc  split  into  one  nondegcncrate  a, 
level  and  one  douhlj  degenerate  level  c,  instc.nd  of  three  non- 
degenerate  levels  (iii)  the  larger  e-o,  splitting  of  the  top 
valence  band  leads  to  larger  splittings  of  the  bulk  T-  levels, 
especially  for  those  in  GaAs  layers  and  close  to  the  top  of 
valence  band.  We  hope  the  theoretical  work  presented  will 
stimulate  more  experiments  on  deep  levels  in  supcriattices. 
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We  examine  the  eiectronic  structure  of  the  prototypical  semimagnetic'  semiconductors 
Cdt-irNIniTe  with  a  combination  of  inverse  phptoemissioa,  resonant  synchrotron-radiation. photo- 
emiuifHi,  and  local-density  peeudoAinction  m^el  calculations.  We  show  that  the  Mn  3d  states  lie 
outside  the  fundamental  gap, -the  dt’di  exchange  splitting  is  1.3  eV  (almost  twice  as  large  s&  ex¬ 
pected  from  earlier  theoretical  estimates),  rand  that  the  ground-state  configuration  of  Mn  in  the 
solid  is  primarily  (dt)’(st)(pt)  rather  than  (dt)V^> 


The  novel  magnetotranspurt  and  magneto-optical  prop¬ 
erties  of  ternary  semimagnetic  semiconductors  depend 
critically  on  the  character  and  location  of  the  Mn-derived 
Estates,  which  are  still  quite  controversial,'  In  this  paper 
we  present  what  is,  to  our  knowledge,  the  first  investiga¬ 
tion  of  the  excited  electron  states  of  a  semimagnetic  semi¬ 
conductor  by  means  of  inverse-photoemission  specti^o- 
py.^  When  combined  with  new  photoemission  spectrosco¬ 
py  results  for  the  occupied  electronic  states  and  new  Mi.(- 
consistent  local-density  pseudofunctior*^  calculations  for 
zinc  blende  MnTe,  our  results  force  a  reevaluation  of 
current  ideas  about  the  magnitude  of  electron-electron 
correlation  and  the  electronic  configuration  of  Mn  in  ter¬ 
nary  semimagnetic  semiconductors. 

Our  measurements  were  performed  on  Cdi-xMnxTe 
single  crystals  cleaved  in  situ  following  the  methodology 
de<icribed  in  Refs.  I,  4,  and  5.  Inverse-photoemission 
measurements  were  performed  in  the  brems:trahlung  iso- 
chromat  spectroscopy  (BIS)  mode^  at  a  photon  energy  of 
1486.6  eV  with  a  spectrometer  resolution  of  0.7  eV.^  The 
photoemission  measurements  were  performed  in  the  angur 
lar  integrated  mode  and  photoelectron  energy  distribution 
curves  (EDO  were  obtained  with  overall  energy  resolu¬ 
tion  from  0.15  (Av-40eV)  to  0.45  eV  (Av-120  eV).‘ 

Two  methods  can  be.iused  to- analyze  the  3d  contribu¬ 
tion  to  the  valence  density  of  st.ltes  (DOS)  of  semimag¬ 
netic  semiconductorr.;  they  involve  ternary-binary  •  va- 
lence-bahd  EDC  difference  curves'  and  resonaiice- 


antiresonance  EDC  difference  curves  obtained  at  Mn  3p- 
3d  resonance-antiresonahee  photon  energies,^'’  In  Fig. 
1  (a)  we  show  an  example  of  the  first  method  for  a  Cdo.fr 
Mno,4sTe  alloy.'"  The  binding  energies  in  Fig.  1(a)  are 
refetir^  to  the  top  of  the  valence-band  nhaximum  £,.  as 
derived  from  a  linear  extrapolation  of  the  valence-band 
edge."  In  Figs.  Kb)  and  1(c)  we  show  examples  of 
resonance-antiresonance  difference  curves  for  Cdo.5.<- 
Mno.45Tc  and  Cdo.ioMno.MTe,  respectively.  The  Mn  3d 
contribution  in  Figs.  l(a)-)(c)'gives  rise  in  all  cases  to  a 
dominant  emission  feature  3.S  eV  below  E^,  a  low 
binding-energy  shoulder  in  the  0-2'-.eV  range,  and  a  broad 
satellite  in  the  6-9-eV  range.  The\resuits  of  Figs.  1  (b) 
and  .  1(c)  are  in  agreement  with  those  of  Ref.  8,  and  the 
relatively  weak  concenifatlc.n. dependence  of  the  Mn  3d 
fearures  indicates  that  they  mpstly-reflect  the  unchanging 
local  Mn-Te  coordination.  An  interpretation  of  these 
features  has  been  given  i.n  terms  of  first  principles  one- 
electron  calculations'^''^  that  neglect  final-stats  effects 
and  exhibit  a  relatively  poor  agreement  with  experi¬ 
ment,^*'^''''  or.  using  a  semiempirical  configuration  in¬ 
teraction  cluster  model’  tha:  can  address  the  screening  of 
the  3d  hole,  but  cannot  directly  incorporate  Mh  3d~Te  5p 
hybridization  effects  in  the  initial  state. 

We  reev.-iluate  here  the  merits  of  the  one-electron  pic¬ 
ture  on  the  basis  of  our.  new  calculations  of  the  electronic 
structure  of  antiferromagnetic  zinc  blende  MnTe.  Ex¬ 
tended  x-ray-absorption  fine-structure  investigations'* 
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FIG^  I.  (a)  Ternary>binary  difTerence  curve  for  th  <  valence* 
band  emUsion  of  Cde:5)Mno.4}Te*CdTe  at  the  Mn  3/>*3(f  reto* 
nance  (Av">50  eV),  (b)  Resonance<antireionance  diflcrence 
curve  (3tv"50  and  47  eV)  for  CdAMMn«L4)Te  emphasizing  the 
Mn  id  contribution  to  the  valence  band,  (c)  Resonance* 
aniiresonance  difference  curve  (kv—iO  and  47  eV)  for  Cdo.10* 
MneioTe,  (d)  Theoretical  /*projected  density  of  states  showing 
the  Mn  id  character  in  antiferromagnetic  zinc  blende  MnTe. 
The  ground  state  corresponds  tO'S  Mn  configuration  close  to 
d^sp  (solid  line).  Broadening  with  a  Gaussian  instrumental 
window  function  (dashed  line)  facilitates  comparison  with  ex* 
periment.  (e)  Mn  id  character  in  antiferromagnetic  zinc  blende 
MnTe  for  the  artificial  dU'  configuration. 

and  the  ph.noemission  data  of  Fig.  I  indicate  that  such  a 
hypothetical  compound  should  reflect  the  same  Mn*Te  lo* 
cal  coordination  and  id  contribution  to  the  electronic 
structure  found  in  the  ternary  alloys.  The  electronic 
structure  calculations  employed  an  /’*space  pseudofunc* 
tion  method  in  the  local*density  approximation,  which  we 
have  modified  to  handle  spin  polarization.^  We  used  a  unit 
cell  containing  two  Mn  atoms  and  two  Te  atoms,'*  and 
considered  both  antiferromagnetic  and  ferromagnetic 
phases  of  Mn.  The  spin*dependent  basis  set  employed 
naturally  allows  hypothetical  zinc  blende  MnTe  to  adopt  a 
ground  state  of  arbitrary  spin  polarization  in  each  atomic 
cell.  Our  total-energy  calculations  favored  the  antifer¬ 
romagnetic  ground  state  with  a  Mn— Te  bond  length  of 
2.68  A  (as  compared  with  the  experimental  value  of  2.73 
A),  an  indication  that  the  calcul:.  *  '  had  converged  to 
correct  phy.sics.  We  used  1 8 1 5  plane  waves  of  each  spin  in 
our  basis  set  and  two  special  points''  to  approximate  'n- 
tegrati-'n  over  the  first  Brillouin  zone.  The  cal'^ulations 


indicate  that  the  ground  state  of  MnTe-  corresponds  to 
highly  spin*^larized  Mn-defived  conduction  states,  with 
Mn  atomic  configuration  close  to  (<ft  )^(rt)(pt  )«  i.e.,  the 
HundVrule  ground  state,  rather  than  the  customary 
(</f  ground  state  of  the  atom.'* 

We  show  in  Fig.  I  (d)  the  projected  id  density  of  states 
for  the  ground  state  of  MnTe.  The  agreement  in  Fig.  1 
between  the  one-electron  theory  and  the  photoemission  re¬ 
sults  is  unprecedented  for  diluted  magnetic  semiconduc¬ 
tors,  and  only  the  broad  satellite  in  the  6-9-eV  range  is 
not  accounted  for  in  the  calculations.  '* 

To  confirm  the  importance  of  Mn 
bonding  and  spin  polarization  of  both  valence  and  conduc¬ 
tion  bands,  we  show  in  Fig.  1(e)  the  Mn  spectral 
density  of  states  from  a  calculation  for  MnTe  in  which 
the  basis  set  and  the  spin-polarization  were  restricted 
such  that  the  around-state  Mn  electron  configuration  is 
close  to  (<ft)’(4t)(4i)»  with  some  contribution  from 
the  spin-unpolarized  configurations  (<ft)^(sl)(pt), 
(</t)*(4i)(/>l).  nnd  (</t)*(7>l)(pi).  The  result  is  simi¬ 
lar  to  that  of  previous  calculations,'^''*  but  we  emphasize 
that  this  result  does  not  correspond  to  the  ground  state  of 
MnTe  and  it  predicts  a  major  id  feature  at  2.4  eV  that  is 
not  observed  experimentally.  We  conclude  that  the  Mn 
electronic  configuration  in  the  Cd|-jrMr-,Tc  alloy  series 
is  (</t  )*(s t  )(pt )  rather  than  (d\ )h\ 

In  Fig.  2(a)  we  show  BIS  spectra  for  CdTe  and 
Cdo.ioMno.:oTe  in  the  0-)6-eV  energy  range  above  the 
Fermi  level  £f.  The  position  of  Ep  at  the  surface  was 
0.62  ±0.1  and  0.75  ±0.1  eV  above  the  valence-band 
maximum  for  Cdo.ioMno.:oTe  and  CdTe.  respectively. 
Each  spectrum  in  Fig.  2(a)  was  obtained  as  the  sum  of 
quantitatively  consistent  spectra  froir  20  different 
cleaves.^  Charging  effects  were  observed  for  all  samples 
with  X  ^  0.45.  The  spectra  were  normalized  for  compar¬ 
ison  to  the  CdTe  DOS  feature  at  6.7  eV,*'  and  subtracted 
from  each  other  in  order  to  obtain  the  difference  curve  in 
Fig.  2(b).  Results  for  the  .v*0.35  alloy  are  qualitatively 
consistent  with  those  for  the  a*"0.20  alloys. 

The  BIS  spectrum  for  CdTe  is  in  good  quantitr.tive 
agreement  with  the  results  of  DOS  calculations  by  Cheli* 
kowsky  and  Cohen. ^*  A  first  structure  at  about  4  eV  orig- 
inatv'  from  states  in  the  first  two  conduction  bands  along 
A  anu  near  X  in  the  Brillouin  zone.  The  structure  at  6.7 
eV  primarily  derives  from  states  in  low-symmetry  direc¬ 
tions  of  the  Brillouin  zone.  A  double  emission  feature  in 
the  9-IO-eV  range  originates  from  states  in  the  third  con¬ 
duction  b;;nd  at  L,  and  from  a  combination 
of  states  from  higher  bands  in  the  A  direction.  *^''*  In 
Cdi-.xMnvTe  new  MnTe-related  features  are  observed  in 
Fig.  2  at  4.2,  10.2,  12.2,  and  13.8  eV  (open  squares)  par¬ 
tially  superimposed  to  the  binary  DOS  features.  Because 
of  the  normalization  employed,  minima  and  maxima  in 
the  difference  curve  of  Fig.  2(b)  correspond  to  binding  en¬ 
ergies  at  which  the  Cdi-.vMnvTe  DOS  is  small  or  large, 
respectively,  as  compared  to  the  CdTe  DOS.  it  is  there¬ 
fore  reasonable  to  compare  the  difference  curve  in  Fig. 
2(b)  with  the  results  of  our  calculations  for  MnTe. 

We  show  in  Fig.  2(b)  (solid  line)  the  lo:ul  DOS  above 
ff  for  the  aniiferromagnetic  zin-*  blende  g.ound  state  of 
MnTe.  For  comparison  we  also  give  in  Fig.  2(c)  th«. 
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ENERGY  (eV  relative  to  Ep) 

FIG.  2.  (a)  BIS  from  CdTe  (filled  circles)  and 

Cdato.MnanTe  (open  triangles).  The  conduclkMi-band 
minintum  Ec  is  0.9  eV  above  the  Fermi  level  Ef  for  CdTe,  1.2 
eV  for  CdftiMnarTe.  (b)  .-N  difference  curve  (open  squares)  de> 
rived  from  the  spectra  in  Fig.  2(a)  is  conipared  with  the  result  of 
local  density  functional  calculations  of  the  total  density  of  states 
above  Er  (solid  line)  for  antiferromagnetic  zinc  blende  MnTe. 
The  theoretical  spectrum  has  been  rigidly  shifted  to  align  the 
calculated  features  to  the  experimental  ones.  Convolution  with 
a  Gaussian  broadening  function  (dashad  line)  facilitates  com* 
parison  with  e.\periment.  (c)  Theoretical  total  density  of  states 
for  antiferromagnetic  zinc  blende  MnTe  where  Mn  is  in  the 
artificial  low>spin  d^s~  configuration. 

analogous  result  for  the  reduced  spin*polarization  (Mn 
d^s')  case.  The  theoretical  DOS  is  also  shown  after  con¬ 
volution  with  a  1.5-eV-wide  Gaussian  broadening  function 
(dashed  line)  to  account  fpr  experimental  resolution,  life¬ 
time,  and  alloy  scattering  effects.*^  In  accord  with  the 
usunl  practice  of  local-density  theory,  the  calculated  total 
DOS  has  been  rigidly  shifted’*  to  higher  binding  energy 
to  align  the  experimental  and  the  theoretical  main 
spectral  features.  We  observe  a  fair  agreement  between 


theory  and  experiment.  The  difTermce  curve  exhibits  a 
minimurh  at  8.5  eV  and  two  broad  maxima  in  the  .’.0-6.0 
and  lO-I4-eV  energy  ranges  and  it  is  in  .somewh*-*  better 
agreement  .vith  the  theoretical  curve  [minima  at -6 
and  8.5  cV,  maxima  in  the  (3-6)  and  (10-15)-eV  ranges! 
than  with  the  d^s'  curve  (minimum  at  6.5  eV.  maxima  in 
the  (3-6)-  and  (8-15)-eV  ranges).  We  emphasize  howev¬ 
er,  that  .>ne  could  nut  conclusively  rule  out  the  d^s' 
configuration  just  on  the  basis  of  the  resuh  *  of  Fig.  2.  .An¬ 
gular  momentum  projection  of  the  DOS  allows  us  to  iden¬ 
tify  the  4.2-eV  feature  as  primarily  .VIn  2d  derived.  The 
emission  features  at  10.2, 12.2,  and  1 3.3  eV  are  associated 
primarily  with  Mn  p  state-,  with  .some  admixture  of  Te  p 
character. 

We  emphasize  that  in  Fig.  2(b)  we  see  no  evidence  of 
the  Mn-derived  states  in  the  gap  predicted  by  earlier 
theories. **•**■•’  BIS  studies  of  Mn  thin  films  (1-5  A)  on 
Cd|..vMn.TTe  (Ref.  22)  clearly  show  d  emission  in  the 
gap,  instead,  when  utireacted  Mn  is  present.  We  can  now 
estimate  the  d\'d\  exchange  splitting  from  the  position  of 
the  main  Mn  2d  features  relative  to  the  Fermi  level,  and 
obtain  3.5 ’f0.62’F4.2 -8.32  ±0.4  eV.  Recent  Frsi- 
principles  calculations  for  Cd0.MMne.50Te  alloys'^  predict¬ 
ed  a  Mn  3</t  band  ~2.5  eV  below  Ex;  and  a  d[  feature 
within  2  eV  of  giving  a  splitting  of  4.5  eV  that  is  ap¬ 
proximately  half  (54^)  of  our  experimental  value  of 
8.32  ±0.4  eV  and  is  substantially  smaller  than  our  new 
theoretical  value  of  6.8  eV.  Wc  note  that  for  Mn  atoms  in 
AgMn  intermetallics*'  the  experimental  splittin;!  between 
majority-  and  minority-spin  states  has  also  b.cn  founu 
larger  (50%)  than  the  value  obta  .ned  from  conventional 
local-den»!jy  calculriions  (3.;  ;V). 

Earlier  semiempirical  calculations  are  in  better  agree¬ 
ment  with  the  experimental  exchange  splitting,  chren* 
reich  er  a/.  ^  predicted  a  7.0-eV  e.xchange  splitting  in  their 
tight-binding  calculations  for  Cdi--.,Mn.YTe.  The  sc.ni- 
empirical  cluster  model*  fixed  the  value  of  the  Coulomb 
correlation  energy  at  about  —8  eV.  Such  a  value  is  in 
good  agreement  with  our  experimental  result,  and  compa¬ 
rable  with  those  assumed  for  Mott  insulators  such  as 
MnO  (9  eV)  (Ref.  9)  for  which  conventional  local-density 
functional  calculations  also  systematically  underestimated 
the  band  gap  and  the  d\^d\  splitting.  The  similar  energy 
petition  of  the  6-9-eV  many-electron  satellites'*  in 
Cd|.xMnxTe  and  MnO  is  then  seen  to  be  a  reflection  of 
the  similar  2d  correlation  energy  in  these  materials. 

Our  results  indicate  that  optical  transitions  from  the  top 
of  the  sp  valence  states  to  the  unoccupied  d  states  should 
invol-’e  a  photon  energy  of  4.8  ±0.3  eV  in  the  absence  of 
final-state  effects.  Structure  at  4.5  eV  has  been  indeed  ob¬ 
served  in  eilipsomctry  studies  of  Cd|-YMn.(Te,^  and 
Kendelewicz^®  tentatively  interpreted  structure  at  4.5  eV 
in  reflectivity  measurements  as  deriving  ■rom  sp—dl 
transitions.  However,  in  most  recent  studic;..  optical  tran¬ 
sitions  at  2.2  eV  have  been  interpreted  -s  interband  transi¬ 
tions  from  the  top  of  the  valence  band  to  the  unoccupied 
d\  states, or  as  intra-atomic  d'd  excitations,''*  and 
large  final-state  effects  have  been  called  upon  to  explain  a 
presumed  discrepancy  between  photoemission  and  optical 
results,  and  photoemission  and  local-density  functional  re¬ 
sults.  We  find  little  evidence  of  such  a  discrepancy  in  our 
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m»\t^  and  suggMt  that  the  int^retatioh  of'the  pptical’ 
structure:propo^  In  Refs.  14  and  27  shoiiid^be  reexain* 
ined.  In  particular,  pur  results  strongly  support  the  inter* 
pietation  of  the  optical  spectra  proposed  by  KeniiHe* 
wicz,^  and  indicate  that  an  alternate  explanation  should 
be  found  for  the  optical  stnicture  at  lower  energy.  In  this 
connection  we  mention  that  Larson  el  of.  recently  con* 
tended  that  the  optical  structure  at  2.2  eV  could  be  alter* 
natively  explained  in  terms  of  standard  (nc  •%*(/*reiated) 
interband  transition,  or  Mn^*^  excitoniclike  excitations 
that  do  not  appear  in  the  band*structure  results. 

In  summary,  inverse  and  resonant  photoemission  results 


for  Gdi  >jcMhxt«,  indicate  a  id t?(/  l  .exchahg^!S|>litting  al* 
most  twice  as  large  as  expect^  from  earlier  lint* 
prindples  ^Iculatioris  and  supi^rt  a  spin-polarized 
like  ground  state  for  iVi  n  in  these  materials. 
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A  structure-modulated  superlattice  is  a  layered  material  whose  alternate  Jayers  are  composed^of 
materials  with  diffcreni  crystal  structures.  Structure-modulated  superlatiiccs  can  be  fabricated 
which  have  no  composition  modulation-  for  example;  the  zihc-blcnde-wurtzht  CdS  semiconduct? 
ihg  superlattice.  We  present  a  theory  of  such  zinc-blende-wuriziic  str.ucturc-hjodulaied  supcrlat- 
tices,  and  find  the  following  for  a  n^)ircsi-neighbor  tight-binding  model  with  ideal  wunzitc  c/d  ra¬ 
tio:  (i)  The  fundamental  band  gap  of  the  superialtice  equals  those  of  both  thc^zinc-blende  and  the 
wurizite  parent  structures;  (ii)  in  the  superlatticc  growth  direction,  the  dispehion  relations  E^tk) 
for  the  electrons  and  holes  are  the  same  as  jn  Jhe  parent  materials;  (iii)  in  directions  perpendicular 
to  ihe  supcrlaliicc  growth  direction,  the  superlatticc  dispersion  relations  E,(k)'lie  hear  those  of  the 
parent  zinc-blende  and  wurtziic  materials,  ami  (iv|  deep-level  energies  arc  almost  the  s;  :nc  as  in  the 
parent  materials.  The  zinc-blcnJe-wurtzitc  superlatticc  is  espctially  inwresting,  because  the  inter¬ 
face  between  zinc-blende  and  wurizite  structures  is  ambiguous. 


i:  INTRODUCTION 

Man-made  superlaitices  fall  into  three  categories;  (i) 
composition-modulated  superlatiiccs  such  as  zb' 
GaAs/zb-AlAs  (where  the  prefix  ‘*zb-**  inuicaies  zinc- 
blende),  (ii)  structure-modulated  superlattices  such. as  zb- 
CdS/a»-CdS  (where  “w-**  denotes  wurizite),  and  (iii)  com¬ 
bined  composition-  and  structure-modulated  superlatiiccs 
such  as  zb-ZnTc/a*-ZnSe,  To  daie,^mosl  research  has  fo¬ 
cused  on  composition-modulated  superlatiiccs.  Here  we 
present  a  theor}  of  zinc-blende-wurtzile  structure- 
modulated  superlatiiccs.  which  are  cfowm  along  thcJl  1 IJ 
zinc-blende  direction  and  the  wurtziic  c  a.xis*.  It\jpweH 
known  that  numerous  II-VI  compound  semiconductors, 
such  as  ZnS,  ZnSe,  GdS.  and  CdSe  exhibit  both  zinc- 
blende  and  wurizite  bulk  crysu.:  structures,'  and  hence 
are  candidates  for  fabrication  of  zinc-blende- wurizite  su¬ 
perlattices.  Dilute  magnetic  semicohduetbr  alloysr,  .such 
as  Zoi^^Mn^S  and  Zn|_j^Mn^Se.  are  also  poteh.ial  epn- 
siiluenls  of  zinc-blende-wurtziie  si;.**erlattices.  Tiere  we 
treat  the  case  of  the  CdS  zinc-blendc-w  urtziie  structure. 

The  zinc-blende-wunziie  ^uperlattice  has  a  partjcular- 
ly  interesting  ppulogicai  feature  t‘'  tha;  it  does  iiot  con¬ 
tain  ah  unambiguous  interface  bet\>een  the  zinc-bL-jide 
a.nd  wurizite  .structures.  For  e.xample,  in  Fig,  I,  one  riiav 
select  the  wurizite  htyer  as  e.xiending  either  from  plane  E 
to  plane  /,  orAfron:  plane  C  to  plane  A\  or  from  plane  IJ 
to  plane  E.  With  any  of  these  choices,  the  layer 
thicknesses  of  the.  wurtziie  layer  and  the  zinc-biende  lay? 
er  arc  the  same. 


CO  E  t  G  H  !  J  K  L 

Cd  S  Cd  S  Cd  S  Cd  S  Cd  S  Cd  S 


FIG,  L  Illustrating  the  siriictur?  if  a  2X1  zinc- 
blend*  r wurtziic  structure-modulated  CdS  supci  lattice  with  the 
period  of  two  layers xOf  zinc-blende  and  ont  i3\er  "  wurtzue 
structure.  The  large  (smaP*  •*  <  demiicL  Cd  AS). atoms.  The 

atomic  planes  arc  labeled  .-f  -E.  uilh  alternating  planes  contain¬ 
ing  or.;*  Cd  ut  S  atoms.  The  ./rbs gusty  cf  the  zinc- 
blende- wunzitc  interface  is  iUu<j:rav;a  by  noting  various 
differeni  layers  w  ‘rich  can  be  considered  to  b.  zinc-b.cnde  tzbl 
dr  wunzite  ^U'K  Fc.:  example,  planes  w  -£  lor  C-(7,  or  />-//• 
can  be  considered  it  he  zinc-blende,  whil-c  /:-/  (or  <7-/E  or 
E‘-Ei  can  be  considered  to  be  wurizite. 
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II.  FpR.MALISM 
A.  Host  HamiltonUh 

The  growth  direction  of'oiir  CdS  zinc-blende^wurtzite 
superlattice  is  defined 'as- thf  direction  ‘‘3”  and  is  assumed 
tO'Cpincide  with  the  zinc-blende  [111]  direction  and  the 
wurtzite  c  axis;  The,  orthogonal-.dijections  “V'  and  "2” 
correspond  to  the'zinc.blende’(2  T=T))and  [Ol  T]  direction 
respectively.  The  superlattice  we  consider  has  two- 

atom -thick  layers  of  zinc-blende  structure  and  four- 

atom  thick  layers  of  wurtzite  structure  repeated  periodi¬ 
cally;  the  zinc-blende  .and  wurtzite  structures-  are  as¬ 
sumed  to  be  perfectly  lattice  matched.  We  . denote  this 
superlattice  as  an  Nt^XA'^  zincrblende- wurtzite  super¬ 
lattice. 

We  first  define  . a  superhelix  or  supercell  as  a  helical 
string  with  adjacently  bonded  atoms  of  zinc-blende 
structure. with  its  axis  aligned  along  the  [Hi]  direction- 
and  4A'^.  adjacently  bonded  atoms  of  wurtzite. structure 
with  its  axis.aligned  along  the  wurtzite-c  direction,  con¬ 
sisting  of  S,  Cd,  S,  Cd,  S,  Cd, . . .,  S,  Cd.  The  center  of 
the  helix  is  at  L  and  each  of  the  atoms  of  the  helix  is  at 
position  Lt  Vg  (for  /3==0, 1,2, .. . ,  2A’jb +4A'„  -d).  A  su- 
perslab  of  zinc-blende- wurtzite  CdS  consists  of/all  such 
helixes  with  the  same  value  of  Lj  and  all  possible 
different  values  of  L\  and  Li;  and  the  superlattice  is  a 
stacked  array  of  these  superslabs.  If  the  origin  of  coordi¬ 


nates  is  taken,  to  tbe.. at  a  S  atom-,  thew  and  y  axes  are 
prientedvsuch^that.a  heighborihg.-c'ation  is  at  (f,  7,  7)0^. 
whereid^  is  the  lattice  constant- of  the, zinc-blende  struc¬ 
ture. 

We  describe  the  electronic  siru,.  u.c -wiir.  a  neare^t- 
neich'bor- tight-.binding  Hamiltonian.  .\t  each  site  there 
are  four  basis  orbitals  !n.L,Vy)„where  h  =Si  Px,Py,  of 
Pj  and  ^=0,',1,2, ....  2.A'jh+4A'.j,  —.1.  (Because  the  semi¬ 
conductors  exhibiting  both  wurtzite  and  zinc-blende 
structures  also-. iave  large  difict  gaps,  it  is  not  necessary 
to  employ  ah  excited; s'  ba.sis  orbital  at  each  site.  Such 
an  orbital -is  useful  for  obtaining  tl.v  indirect  conduction- 
b:.nd  edges  found  in  indirect-ban..-,_:ip  semiconductors.*'’) 
In  terms  of  these  orbitals  we  form  tiie  tight-binding  orbit¬ 
als 

!it,/3.k)=A'~'''^2«’^p('k'L+ik-ve)!n,L,V/,).,  (1) 

where  k  is  any  wave  vector  of  the  superlattice  Brillouin 
zone.  HerpA'j  is  the  number  of  supercells. 

The  minizone  wave  vector  is  a  good  quantum  number, 
and  so  the  tight-binding  Hatniltonian  is  diagonal  in  k. 
Evaluation  of  the  matrix  elements 
leads  to  a  tight-binding  Hamiitohian  of  the  block  tridiag¬ 
onal  form.  For  different  /?  and  P',  the  first  three  rows  of 
block  matrices  arc 


HiO.O)  HiO.l)  0  .  0  H(0.2.Y,t,-f4AV.“l) 

.H^0,1)  0  0  ’  •••  0  0 

0  /f*(I,2)  //(2,2)  H(2,3)  0  •••  0  0 

The  last  row  of  blocks  is 


•0  //{2AVH-4A',  -  1 ) 


Here  //(/?,/?*}  depends  on  k  and  is  given  in  terms  of  vari* 
ous  4X4  matrices  for  different  n  and  n\ 

The  diagonal  (in  4X4  matrix.  at  site  J3,  is 

0  0  0 

0  0  0 

.fif{j5./?)={n./J,k|//r«\^.k)=  0  0  €  0  ’ 

0  0  Of. 

where  the  energies  €,  and  e.  m  arc  the  atomic  en¬ 

ergy  levels  of  the  s  and  p  states  for  the  atom  at  the  i?th 
site,  and  nu/  be  obtained  from  tabulated  parameters/ 
For  a  pure  uruciure-modulaied  zihc-blende-wurtzite  su¬ 
perlattice,  U‘e  take  the  valence-band  offset  to  be  zero. 
That  is  to  say,  the  cations  and  anions  are  assumed  to 
have  the  y*me  values  of  6^  anO  f .  independent  of  whether 
they  iie  in  a  zinc-blende  layer  a  wurtzite  layer. 


There  arc  .several  distinct  cases  for  which  the  off- 
diagonal  (in  (i)  matrix  elements  (/j,/?,k;//ln',i5\k)  are 
nonzero  (for 

L  Zinc-blende  intrastructurc  matrix  elements 

If  P  and  /?  both  refer  to  nearcsi-ncighbor  sites  in  the 
zinC'blende  structure,  w‘e  have,  for  example, 

,  (5) 

if  P  refer.s  to  a  cation  and  P*  referv  to  an  anion,  a.zh 
is  a  4X4  matrix  whose  rows  and  columns  are  labeled  by  n 
and  n\  which  range  over  the  values  p^.,  and  p.. 
Similarly  we  have  matrix  elements  These  ma- 

tri.x  elements  are 


‘im- 


.  V'-  -  -.^^  3  ."’ 

■' r^*  ■'  -  ',  *  /'  j  '-  ’' ,  Jt.  ,'' .  .’C  ' 


'v3^;  C4  'C'^ 1 4  "''’ 


sha^sg:  yr an  REN  And^john'd.  Dow 


c„y, 

-C0K4 

-C0K4 

-CqK, 

Co^s 

Co  1^2 

Cof'3 

Cof'3 

0 

0 

Co^': 

Co^'3 

Co^y 

Co^'3 

Cof'3 

Co^z 

Here  we  have  Co=^o>  where  we  have  ^gQ—  exp(/k*Xo), 
and  Xo={iJi  /4)(  1, 1, 1 ),  with  b^ing  the  lattice  constant 
of  zinc-blende  CdS.  Here  k  is  the  wave  vector.  In  addi¬ 
tion,  we  have 


K,  =  V{s,s)  , 

V^^y(x,x)  , 

V^^Vix.y)  , 

1^4==  Visa, pc)  , 
and 

V^  —  V(sc,pa)  , 

in  the  notation  of  Vogl  et  qL,^  and 


’^<3.  zb:  c,  2b 


^i^gi-^si+g})  y^igi-gi-gi^  y^i-gi-^gi-gi)  y^i-gi-gi-i-gi) 
~yi^g\-gi-gi)  f'3(-^i-5:+g3)  ^jf-gi+g’-gj) 

-^s(-g|+g2-g3)  ^3(-gl-g2+g3)  ^2(gl+g2+g3)  ^3<gl-g2-g3) 

-^V-g|-g2+g3)  ^3(-g|+g2“g3i  ^3(g|-g2-gi)  ^2(g| +^2 +'g3 ) 


We  also  have 

4g|  =  exp(/k-X|)  , 

4g2=  exp(/k-X2) » 
and 

4g)=  exp(/k-X3) , 

with  A,--(a^/4)(l,-l,-I),x2=(a4 /4){ -  1, 1,  - 1 ),  and 
X3='fl4^/4)( —  I,  — 1,1).  All  of  the  matrix  elements  Kare 
those  tabulated"*  for  CdS. 

2.  Wurtzite  intrastructure  matrix  elements 

The  wurtzite  structure  has  an  e.xact  hexagonal  symme¬ 
try,  and  an  approximate  tetrahedral  short-ranged  symme¬ 
try:  every  atom  is  surrounded  by  a  near  tetrahedron  of 
four  atoms  of  the  opposite  species.  The  nearest-neighbor 
geometry  is  tetrahedral  if  the  wurtzite  structure  has  the 
ideal  c/a  ratio  of  (8/3)*'^“=  K633.  In  the  ideal  limit,  the 
fundamental  band  gap  of  the  w'urtzite  crystal  structure  is 
the  same  as  for  the  zinc-blende  structure.^  Most  wurtzite 
se:niconductors  are  very  close  to  the  ideal  limit;  for  ex¬ 
ample.  CdS,  CdSe,  ZnS,  and  ZnTe  have  c/a  ratios  of 
1.632,  1.630,  1.641,  and  1.637,  respectively.*  In  this  pa¬ 


per  we  assume  that  the  wurtzite  is  ideal,  with  the  same 
bond  length  as  its  zinc-blende  partner.  As  a  result,  the 
wurtzite  matrix  elements,  in  a  r..;arest-neighbor  tight- 
binding  model,  are  related  to  the  zinc-blend*:  matrix  ele¬ 
ments,  as  follows. 

If  P  and  P*  both  refer  to  nearest-neighbor  sites  in  the 
wurtzite  structure,  we  will  also  have 

(n./?,ki;/ln'./3'.k)=//,.,,,,.„.  .  (8) 

Similarly  we  have  matrix  elements  These  ma¬ 

trix  elements  are 

Qf'i  -Co^'4  -CqK,  -CqK, 

^  CoV,  Co  A  CoV,  C,V, 

^c.A.a.u^  C  V  C  V  r  1/  n  w  * 

^0^5  '^0*^3  ^0^2  ^0^3 

,^0^5  ^0^3  ^0^'"3  ^0^2 

Here  the  Cq  and  are  the  same  as  defined  before.  This 
form  is  exactly  the  same  as  in  (6).  For  the  wurtzite  struc¬ 
ture  we  have  two  different  forms  of  because 

there  are  four  atoms  in  each  unit  cell  (as  opposed  to  two 
for  zinc-blende);  one  is  the  same  as  in  Eq.  il)  and  the  oth¬ 
er  is 


M  = 

c.a* 


^'4(g4+g5+g6>  ^'4(-5g4-^g5-^g6)/3  y^(Si->g}-^gt^yi  yjgA-^gs~SgJ/3 

-y}(-5g^~gs•i■g(,)/3  Alg4'i' "■  ^'3l(g4+g})+ ^^3256  ~  ^3l(g4’^g6l+ A:g5 

~^S'g4“3g5~g6)/3  ~  I'3i(g4’^g3*“  ^32g<>  *^2:^g4'^g6)  “  ^3l  <g  5  "^ga  )  +  A:g4 

I  -f'3(g4-!-g5-5g.)/3  -A,(g4-i-g6)'f'32gs  -3'3i'>g5-ga)-^f"32g4  ^iga  '''-(g*  “gs ) 


Here  we  have 


(10) 
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Kj,={25K^,<,+2K^,„)/27=K(x,x)+^K{x,;.), 
f'22=(  V  +  26K^,J/27=  K(.x,x)~  y  V{x,y)  , 

Vit=5V{x,y)/9  , 

Vy,  =  V(x,y)/9  . 

4g4  =  exp(/k-X4)  , 

4gj  =  expC/k-Xs)  , 

and 

4g6=  expl/k-x^)  . 

We  also  have  X4=(ai_/4)(  — X5={a^ /4)(4.  — 1,1),  X6=(aj|_/4){|,4,  — 1),  and  parameters  K  which  are  those 
tabulated^  for  CdS.  V 

J.  Interstructure  matrix  elements 

The  fact  that  the  location  of  the  zinc-blende-wuri/jte  interface  is  ambiguous  means  that  one  must  (i)  develop  a  for¬ 
malism  that  treats  the  interfacial  matrix  elements  the  same,  independent  of  interface  choice,  and  fii)  select  a  specific  in¬ 
terface  for  a  particular  calculation.  There  are  two  distinct  forms  for  Hamiltonian  matrix  elements  connecting  one  atom 
in  the  zinc-blende  structure  with  another  in  the  wurtzitc  structure.  They  are 

^l(gl+«2+«3)  ^'4(-g|+g2-g3)  f'4(-f|-g2*«3> 

~J^5(g|-g2“g3)  f'2(gl+g2+g3)  ^'3(“gl“g2+g3>  *^3<  “gl +^2 -§3  > 

F5(g,~g,-g3) 

,“^5("g|“g2+g3)  ^3(~gl+g2~g3)  ^3(g|~g2"g3)  ’»^2(g ) +52 +^3  > 

and 


KiCCi  +  Cj  +  Cj) 
-KjICi-Cj-Cj) 
-Fjl-Ci+Cj-Cj) 
-Kjl-Ci-Cj  +  Cj) 


K4(C,-C,-C,) 
f'.ICi+C.-rCj) 
I'jl-Ci-Cj  +  Cj) 

I'jl-C.+Cj-Cj) 


Kl-Cj-rCj-Cj) 

y,ic,-c,-Cy) 


Vy{C,-C:-Cy) 

VAC^'vC.-rCy) 


(12) 


In  the  limit  Nj^=0,  this  Hamiltonian  reduces  to  the 
Hamiltonian  of  Ref.  4  for  bulk  wurtziie  material.  In  the 
limit  A^u.  =0  it  becomes  the  sp^  zinc-blende  Hamiltoni¬ 
an.^’^  Values  of  the  parameters  for  this  Hamiltonian  can 
be  taken  from  Ref.  4  or  3. 

In  this  work  we  study  electronic  structure  for  superhel¬ 
ices  as  large  as  A‘,^  +  2A'u.  =  20;  that  is,  in  40-atom-ihick 
superslabs.  The  dimensio.;  of  the  Hamiltonian  matrix  at 
each  value  of  k  is  4(2A^^h'^‘^^u-^*  because  there  are  four 
orbitals  per  sue.  We  diagonalize  this  Hamiltonian  nu¬ 
merically  fi/r  each  k.  finding  its  eigenvalues  Ey  ^  and,  iT 
necessary,  the  projections  of  the  eigenvectors  ly.k)  on 
the  |/2,/J,k)  hybrid  basis:  (n./?.k!y,k ).  Here  y  is  the 
band  index  (and  ranges  from  1  to  160  for  .V^^  =  2A'„,  =  10) 
and  k  lies  w'lihin  the  superiattice  mini-Bnllouin  zone. 

B.  Deeplioels 

The  theory  of  deep  is  based  on  the  Green's- 

function  lheor\  of  Hjalmarsun  et  a/./  which  solves  the 
secular  equation  fur  the  Jeep-level  energ)  £ 


dei(’-G{£)n=0=Ue.  1-y  j  . j;; dE^  V  , 


(13) 

Here  T  is  die  defect  po’.enti?’  matrix,’  which  is  zero  ex¬ 
cept  at  the  defect  sue  and  diagonal  on  that  site 
(F^.  i'*,,  1'^,  K^)  in  v!ie  sp^  Lea!  basis  centered  on  each 
atom.  We  also  have  G  =  (£  -//)“  .  where  H  is  the  host 
t:g’’U-binding  Hamiltonian  perator.  The  spectral  density 
operator  is  5( £*  —  //)  and  P  denote.^  the  principal-value 
i/uegral  over  all  energies  For  energies  E  in  the  funda¬ 
mental  band  gap  of  the  superiattice,  G  is  real. 

A  substitutional  point  defect  in  bulk  zinc-blende  CdS 
nas  tetrahedral  iVj)  point-group  symmetry.  Each  such 
.v-3.nd  p-bonJed  defect  normally  has  one  .^-like  (.-li)  and 
one  triply  degeneiaic  /?*like  <7’ )  deep  defect  level  near  or 
in  the  fundamental  band  gap.  If  we  imagine  breaking  the 
svmmeirv  of  bulk  zmc-blendj  CdS  bv  making  it  into  a 
zb-CdS/  zb-CdS  superUiiice  along  the  [II!)  direction,  we 
reduce  the  svmmeirv  to  Cx^.  A  substitutional  point 
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defect  in  bulk  wurtzite  CdS  also  has  point-group 
symmetry,  and  so  in  the  zinc-blende-wurtzite  superlat- 
tice  and  s-  and  p-bonded  point  defect  will  have  C^,  sym¬ 
metry  as  well  and  will  produce  two  levels  (one  s-like, 
derived  from  the  .-1.  leve  ind  one  r2-derived  li* -.'K 
and  one  doubly  degenerate  c»  level  (p.  like). 

The  secular  equation,  Eq.  (13),  is  reduced  by  the 
symmetry  to  the  follo\  ing  two  equations: 


G{e-,E)=V^' 
for  e  levels,  and 


det 


'Gis,s\E)V,-\ 
j  G{a.s;E)V, 


Gis,cr\E)V., 

G(cr.a:£)K^-l 


for  a  I  levels,  where  we  have 


<14) 


(15) 


C7(e:£)=2l(p^,i3,kiy,;)-(/),,y3,kly,k>|V2(£-£j..k)  , 
r.k 

<7(r,5:£)=X!<^'(3-‘^lr.k)iV{£-£yk)  , 
r.k 

G{(T,a;E)=  2  |(/Jj,£,kl)',k>  +{/7^,;3,kly,k)V(p..5,k|)',k>P/3(£  -£y  , 

yA 

and 


(16) 

(17) 

(18) 


Gls,cr;E)=  ^l(s,/3,klyyk}]Xl(pj^,/3,kiy,k}’i-(p^,/3,k;y,k)  •^(p.,/?,kiy,k)]V[ v^3(£ 


yA 


(19) 


Here  G(ayS;E)  is  the  Hermitian  conjugate  of  G(j,cy:£) 
and  /3  is  the  site  of  the  defect  in  the  superlattice. 

For  each  site  0  the  relevant  host  Green’s  functions. 
Eqs.  (lr>)-(19),  are  evaluated  using  the  special  points 
method.^  and  the  secular  equations  (14)  and  (15)  are 
solved,  yielding  Eiei^^,)  and  two  values  of  £(aryK}, 
and  £*7,;Fp).  The  defect  potential  matrix  elements  K, 
and  can  be  considered  as  the  same  as  the  defect  poten¬ 
tial  in  the  zinc-blende  structure. 

IIL  RESULTS  AND  DISCUSSIONS 

A.  Superlattice  band  structures 

Once  the  Hamiltonian  is  defined,  the  superlattice  band 
structure  Ey  ^  is  determined  by  diagonalizing  it  for  each 
wave  vector  k  in  its  Brillouin  zone’  (Fig.  2),  which  is  the 
same  as  the  wurtzite  Bnlloum  zone.  e.xcepi  that  the  F -  .4 
length  is  reduced  by  a  factor  of 

Provided  the  wurtzite  structure  has  the  ideal  c/a  ratio 
of  (8/3)*'^%  the  bulk  zinc-blende,  bulk  wurtzite.  and  zinc- 


FIG.  2.  The  Bnlloum  zone  for  the  2X1  zinc- 
blende-wurtzue  structure-modulated  superlattice. 


blende-wurtzite  superlattice  structures  are  physically  in¬ 
distinguishable  when  viewed  only  in  the  growth  direction. 
The  differences  in  three  structures  'become  apparent  only 
whc\  viewed  along  directions  deviating  from  the  growth 
a,xis.  Therefore,  for  wave  vectors  k  corresponding  to 
the  growth  direction,  the  dispersion  relations  £^(k) 
and  effective  masses  are  the  same  as  for  the  constituent 
zinc-blende  and  wurtzite  materials.  Hence  zinc- 
biende-v.urtzite  superlattices  made  from  dircct-band-gap 
zinc-blende  and  (ideal  c/a  ratio)  wurtzite  materials  are 
also  direct-band-gap  semiconductors  with  the  same  value 
of  the  fundamental  gap  at  the  f  point  of  the  Brillouin 
zone  as  the  zinc-blende  and  the  (ideal)  wurtzite  bulk  ma¬ 
terials:  2.60  eV  fo’  CdS.  (Note  that  c/a  for  CdS  is  1.632, 
only  0.05%  dirferent  from  the  ideal  ratio  of 
(8/3)*^^=  1.633;  hence  the  appro.ximation  of  an  ideal 
structure  should  introduce  only  small  errors  in  the  band 
structure,  of  order  meV,  the  same  order  as  found  for 
InN.*^)  The  lo  vest  superlattice  conduction  band,  as  com¬ 
puted  in  the  present  model,  is  displayed  for  the  2X1 
zinc-blende- wurtzite  superlattice  in  Fig.  3;  correspond¬ 
ing  results  for  the  highest  valence  band  are  given  in  Fig. 
4.  In  the  F-  /I  or  [1 1 1]  direction,  the  dispersion  relations 
£„(k)  are  the  same  as  for  the  zinc-blende  or  the  (ideal) 
wurtzite  bulk  materials,  but  in  the  F-A/,  or  (2,1,1) 
direction  and  the  F-/C,  or  (0,1.1),  direction  the  superlat- 
lice  band  Uructures  deviate  slightly  from  the  bulk  elec¬ 
tronic  structures. 

A  quasiparticle’s  resist.'nce  to  accelerai  on  by  an  ap¬ 
plied  electric  or  magnetic  field  is  determined  by  its 
effective  mass.  In  Fig.  5  we  display  the  calculated 
conduction-band  and  valence-b.ind  eflfective  masses  in  the 
F-  F -Af.  and  F symmetry  directions,  versus  layer 
thickness  of  the  superlaiiice.  In  our  model,  the 
conduction-band  effective  mass  is  unchanged  in  the  su- 
perlaitice,  because  the  lowest  conduction  band  is  nonde- 
generale  and  its  effective  mass  is  isotropic  for  both  zinc- 
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FIG.  3.  The  calculated  lo'vcst  conduction-band  structures  in 
the  three  symmetry  directions,  T-A,  T-A/.  and  T-A'.  of  the 
2X1  zinc-blende- wurtziie  superlattice  (solid),  bulk  zinc-blende 
(dashed),  and  bulk  wurtzite  (dot-dashed)  CdS.  Note  that  the 
three  are  the  same  in  the  F-  ^  growth  direction. 


blende  and  wurtzite  structures.  The  valence-band  mass 
of  the  superlattice  in  the  F-zI  growth  direction  is  in¬ 
dependent  of  bycr  thickness  and  is  the  same  as  in  either 
zinc-blende  or  wurtzite  CdS.  However,  in  the  directions 
perpendicular  to  the  growth  direction,  the  valence-band 
masses  change  from  the  effective  masses  of  wurtzite  to 


ZINC-BLENDE  THICKNESS  N^^, 


FIG.  5.  The  calculated  reducer'  effective  masses  m* /m^  of 
the  valence  and  conduction  bands  of  a  zinc- 

blendc-wurtzite  supcrlattice  in  the  F-  /i  (solid),  F-Af  (dashed), 
and  F-A  (dot-dashed)  directions  as  functions  of  zinc-blende 
layer  thickness  with  -r  2A*y,  =  20. 

those  of  zinc-blende.  The  zinc-blende  mass  is  anisotropic 
(because  the  valence-band  maximum  is  triply  degenerate 
and  zinc-blende  is  a  cubic  structure)  while  the  wurtzite 
mass  is  isotropic.  The  isotropy  of  the  wurtzite  valence- 
band  mass  is  due  to  the  combined  effects  of  the  lower 
symmetry  of  the  wurtzite  structure  ana  the  ideal  c/o  ra¬ 
tio.  (For  an  ideal  c/a  ratio,  the  wurtzite  valence-band 
maximum  is  triply  degenerate,  but  for  nonidcal  c/a  it  is 
nondegeneiate  w'ith  a  doubh  degenerate  band  slightly 
below  it.) 


Valence-Band  Structure 


M  r  K  F  A 


Vavc  Vector 

FIG.  4.  The  cai  uiuicd  nigiuM  %alence-band  structures  in  the 
three  symmetry  d»re;.t.wi:  f  ^  F-A/.  and  F-A'.  of  the  2X  1 

zinc-blcnde-wurtz*'^  - .  ^'C.'lai.iCe  isohd),  bulk  zme-biende 
(dashed),  and  bulk  ‘dot-dasiieo)  CcIS. 


B.  Deep  Impurity  levels 
in  zinc-bicnde- wurtzite  s»  perlatticcs 

Deep  impurity  levels  are  evaluated  using  Eq.  (13)  with 
the  relevant  parts  of  the  spectral  density  operator 
6( £'  —  //)  expressed  in  terms  of  the  Green's  function 
(16)-(19).  Since  these  Green's  functions  depend  on  the 
superlattice  band  structure,  which  differs  only  slightly 
from  the  bulk  zinc-blende  or  w'urizile  band  structures, 
the  deep-level  energies  in  the  CdS  zinc-blende-wurtzite 
superlatiice  are  virtually  the  same  as  for  the  same  substi¬ 
tutional  impurity  [n  bulk  zinc-blende  or  bulk  wurtzite 
CdS.**  Hence  -liallow-deep  tran.Miions  as  the  layer 
thicknesses  vary**  are  not  to  be  e.xpecied  for  impurities  in 
zinc-blende- wurtzite  superlauices. 

C.  Long-ranged  versus  short -ranged  order 

.Although  the  bulk  zirx-blv’c.ce  and  ideal-wurtzite 
structures  are  very  different  when  Mowed  at  long  range, 
their  short-ranged  orders  are  both  tetrahedral  and  identi¬ 
cal  (up  to  second-aearesi  neighborsl  This  short-ranged 
order  leads  to  electronic  stru:turcs  of  the  tw»o  bulk  ma¬ 
terials  that  are  almost  identical,  and  to  a  zme- 
blende -wurtzite  superlatiice  eio-tronic  structure  that  is 
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almost  the  same'as  the  bulk  zinc-blende  or  wurtzite  elec¬ 
tronic  structure.  Clearly  the  short-ranged  tetrahedral 
bonding,  rather  than  any  Iong->anged  zinc-blende,  wurt¬ 
zite,  or  superlaitice  order,  is  dominant  in  determining  the 
electronic  structure.  While  :he  concept  of  a  structure- 
modulated  superlattice  is  interesting,  and  the  topology  of 
the  ambiguous  zinc-blende-wurizite  interface  is  exciting, 
the  practical  con  cquences  on  electronic  structure  of 
growing  such  structures  seem  to  t^e  limited  to  introducing 
small  anisotropies  into  the  dispersion  relations  E^„(k).  In 
particular,  such  superlattices  offer  the  possibility  of  intro- 
duc  ;;g  changes  into  the  valence-band  effective  mass 
without  significantly  altering  the  conduction-band  mass 
or  mass  isotropy. 

Finally,  we  do  expect  some  differences  between  the 
phonons  in  zinc-blende-wurtzite  superlattices  and  the 
parent  compounds.  Although  the  materials  will  be  iden¬ 
tical  when  viewed  along  the  f-A  (growth)  direction,  as¬ 
suming  an  ideal  c/a  ratio,  there  will  nevertheless  be 
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significant  differeticcs  in  the  long-ranged  Coulomb  forces 
of  zinc-blende  and  wurtzite  structures,  which  should  be 
reflected  in  the  phonon  di:£pe;sion  curves. 

IV.  SI  M.MARY 

The  calculations  presented  here  are,  we  believe,  the 
first  calculations  of  the  electronic  structures  of  structure- 
modulated  semiconductor  superlattices.  We  hep^  that 
this  work  will  stimulate  efforts  to  grow  such  interesting 
artificial  materials. 
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Local-density  pscudofunction  calculations  of  local  He — Te.  local  Cd — ^Te,  and  ir  ;ragc  bond 
lengths  in  Hgo.5Cdo.5Te  arc  reported  and  compared  with  data  and  with  other  theories.  Our  results 
agree  with  extended  x-ray-absorption  fine-structure  data  and  a  phenomenological  strain  theory 
which  show  that  the  perfect  compound-crystal  bond  lengths  are  virtually  conserved  in  the  alloy,  but 
conflict  with  previous  theories  which  predicted  large  bond  relaxations  away  from  the  average  bond 
length.  The  calculations  imply  that  charge  transfer  Irom  Cd  to  Hg  is  quite  small  in  these  alloys. 


L  INTRODUCTION 

Vegard’s  law  for  pseudobinary  ternary  alloys  such  as 
Hgi^^CdjpTe  si.-'tes  that  i..e  average  bond  length 
as  measured  by  x-ray  diffraction,  .'aries  linearly  as  a  func¬ 
tion  of  alloy  composition  x: 

Here  the  bond  lengths  d  are  related  to  the  corresponding 
lattice  constants  by  a  geometrical  factor: 

t/(A*)=v'3/4(2£^(x),  In  1982  .Mikkeisen  and  Boyce* 
showed  that  the  local  bond  lengths  (or  nearest-neignbor 
distances)  in  pseudobinary  alloys,  as  measured  by  extend¬ 
ed  x-ray-absorption  fine-structure  (EXAFS)  spectroscopy, 
do  not  obey  Vegard’s  law,  but  instead  are  nearly  con¬ 
stant.  As  applied  to  Hgi^^^Cd^Te,  the  Mikkelsen-Boyce 
result  for  the  local  Hg — ^Te  and  Cd — ^Te  bond  lengths 
and  would  be 

dc(fr^ix)^\  i  ^x  ^  ^ 

and 

d\:^u^^x)-{  1  1 1  * 

where  and  ph\su'al  interpreta¬ 

tions  of  a  Cd — Te  impurity  bond  lengtl  in  HgTe  and  a 
Hg — Te  bond  length  in  CdTe,  In  a  fir^:  approximation, 
these  bond  lengths  are  unaffected  b>  the  allo\. 

and 

Mikkeisen  and  Boyce,  who  studied  III-V  allo.s,  did  find 
deviations  from  this  first  approximation  which  were 
linear  in  alloy  composition  a,  normally  with  the  propert> 
that  the  local  bond  lengths  in  the  al!o\  ’elaxed  toward  the 
average.  This  idea,  applied  to  Hg,«jjCd^Te,  would  have 
both  the  Hg — Te  and  Cd — Te  local  bone  lengths  expand¬ 
ing  with  increasing  a,  because  CdTe  has  a  larger  lattice 
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constant  than  HgTe.  In  1985  and  1987  Sher  ef  air  and 
Hass  and  Vanderbilt^  presemed  theories  proposing  that 
the  local  bond  lengths  relax  away  from  the  average  in 
Hg|..;5Cd^Te.  Recently,  Newman  et  0/.^  have  developed 
a  phenomenological  strain  theory  for  pseudobinary  ter¬ 
nary  alloys  and  applied  it  to  Ill-V  alloys.  In  this  paper 
we  evaluate  the  theory  of  Newnnn  et  al,  for 
Hgi-xCd,^Te,  and  find  that  it  predicts  very  small  bond 
relaxations  toward  the  average. 

Thu.s  there  is  a  clear-cut  disagreement  among  the 
theoMSis  concerning  both  the  sign  and  magnitude  of  the 
local  Hg — Te  and  Cd — Te  bond-length  iclaxaiions  in 
Hg,«;jCd;^Te  alloys.  On  one  hand,  Sher  et  a/.,*  using  a 
tight-binding  theory,  and  Hass  and  Vanderbilt,*^  using  a 
norm-conserving  pseudopoieniial  method,  nave  both  pre¬ 
dicted  that  the  local  Hg — Te  and  Cd—Te  bond  lengths. 

and  significantly  difiereni  in  the 

a*=0.5  alloy  (by  7O.O3  A)  from  the  perfect-crystal  limits 
A  and  d(^^y^*\)^2.Z06  A,  and  (ii)  reia\ 
away  from  one  another  as  a  function  alloy  composi¬ 
tion.  That  is.  in  the  ahoy  we  have,  according  10  these 
theories,  G Up*,.  ^CoTchx)>^^cdTc  On 

the  oi.ner  hand,  the  model  of  Newman  et  ai.,^  which  uses 
a  phenomenological  strain  theory,  implies  that  the  bond 
lengrh'i  are  almost  unchanged  in  the  a^o)  and  relax 
.slightly  toward  one  .mother.  The  predictions  of  the  Nevv- 
man  theory  are  given  in  Fig.  1.  While  ;he  conclusion  of 
Newman  et  cl,  conforms  wnh  the  iutunive  expectation 
that  bond  lengths  in  ihe  ahoy  should  relax  towan'  the 
average,  the  Newman  theory  is  lacking  the  essential  ele¬ 
ment  which  Sher  et  aL  and  Hass  and  '' ;j:ideibi)i  point  u 
as  being  responsible  for  the  counterm;  iiive  rela.xa.ion, 
name!>  charge  transfer  in  the  alloy  fro:n  Cd  to  Hg.  Such 
charge  transfer  alters  the  Coulomb  fauces  between  ions 
and  ,  »uld  contract  bond  lengths  that  would  otherwise  be 
expelled  to  expand.  However,  both  theories  which  pro- 
pi'se  relaxation  au:\  from  the  average  La\c  enipio\ed 
phenomenological  non-self-eonsi.sic*n  repulM\e  pi'teniials 
to  simulate  the  effc-  i'  of  d  and  core  electrons  and  to  pro¬ 
duce  (by  construction)  the  observed  *^ond  lengths  in  the 
A=0  and  1  perfect-crsstal  limns.  It  is  conccnable  that 
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HgTe  Cd  concentrolion  x  CdTe 

FIG.  1.  Calculated  Hg — ^Te  bond  lengths  (squares)  df\d  Cd — 
Te  bond  lengths  (pluses)  in  the  Hg,-;,CdjiTe  family ‘of  com¬ 
pounds.  For  X  =0  and  1,  the  bond  length  is  that  to  the  zinc- 
blende  compound;  for  x  =7,  the  ordered  compound  is  luzonite 
(L)  with  three  Hg — ^Te  bonds  for  every  Cd — Te  bond,  or  fama- 
tinite  (F)  with  two  long  and  one  short  Hg— Te  bond(s)  for  every 
Cd — Te  bond,  A  similar  result  holds  for  ;c  =  |.  For  ^  ~  y,  the 
(OOl)-oriented  supcrlaliices  iS)  and  chalcopyrite  (C)  com¬ 
pounds  have  equal  numbers  of  Hg — Te  and  Cd — ^Te  bonds.  The 
solid  lines  are  the  values  to  be  e.xpected  within  the  alloy,  inter¬ 
polated  from  the  crystallite  values,  as  discussed  in  Ref,  4.  The 
dashed  lines  represent  the  perfect-crystal  bond  lengths  of  Hg— 
Te  and  Cd — Te,  for  comparison.  (Cd — ^Te  has  the  larger  bond 
length.) 
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FIG.  2.  Calculated  local  bond  lengths  and 

in  Hg|-j,Cd,Te.  vs  alloy  composition  x  (solid  lines),  assuming 
straight  lines  defined  by  (/i  t. (0.5),  </n^i<(0), 

^CdirH).  The  dashed  lines  represent  tlie  measured  perfect- 
crystal  bond  lengths  dniJe^O'  in  HgTe  and  CdTe,  for 

reference.  The  EXAFS  data  are  from  Ref.  6.  The  phenomeno¬ 
logical  .strain  theory  of  Newman  et  qL  at  x  =  |  is  displayed  as 
pluses.  Note  that  the  present  theory  and  the  Newman  theory 
are  consistent  with  the  data.  The  theoretical  results  of  Sher 
et  oL  and  of  Hass  and  Vanderbilt  are  denoted  by  squares  and 
triangles,  respectively. 


these  phenomenological  potentials  have  obscure  unphysi¬ 
cal  features  w'hich  inadvertently  produce  the  large  and 
anomalous  relaxation  of  the  bond  lengths  away  from  the 
average  in  the  alloy. 

On  the  experimental  side,  the  recent  EXAFS  data  of 
Bunker  et  indicate  that  the  Hg — Te  and  Cd — Te 
bond  lengths  in  the  Hgi^^^Cd^Te  alloy  are  changed  very 
little,  if  any,  from  the  perfect-crystal  values,  and  appear 
to  be  consistent  with  the  predictions  of  Newman  et  qL, 
but  not  with  those  of  Sher  et  qL  and  Hass  and  Vander¬ 
bilt,  (See  Fig.  2). 

On  the  theoretical  side,  there  is  a  clear  need  for  a 
local-density-theory  calculation'  accurate  enourh  to  pre¬ 
dict  the  .x=0  and  1  perfect-crystal  lattice  constants  and 
to  address  the  question  of  bond-length  relaxation  in  the 
alloys.  Such  a  theory  should  treat  all  of  the  atom-atom 
interactions  self-consistently  on  a  first-principles  basis. 

In  paper  we  present  local-densii> -theory’  calcula¬ 
tions  of  the  bond  lengths  in  the  same  Hg^  jCd^  5Te  micro 
crystal  model  of  the  alloy  as  used  by  Hass  and  Vander¬ 
bilt.*'  We  implement  the  calculations  using  the  ps^u- 
dofunction  method.'''  Unlike  Hass  and  Vanderbilt,  we 
treat  the  outermos*  rf-shell  electrons  of  Hg  and  Cd  as 
valence  electrons,  on  the  same  footing  as  the  bonding  s 
and  p  electrons  of  Hg.  Cd,  and  Te;  thus  we  have  no  need 
for  a  pheno.nenoloeic.  1  potential  to  simulate  the  effects 
of  d  electrons  and  c;  n  address  diiecih  the  controversial 
issue  in  a  Cv  npletely  a  priori  self-consistent  model:  Does 
charge  transfer  lead  to  major  relaxation  of  the  bond 
lengths  in  the  alloy  away  from  the  average  bond  length? 


II.  EVALUATION  OF  THE  NEWMAN  THEORY 
FORHg,-,Cd,Tc 

The  Newman  theory  models  the  alloy  locally  at  select¬ 
ed  compositions  ;c  in  terms  of  microcrystalliies.  For  ex¬ 
ample,  famaiinite  and  luzonite  crystal  structures  corre¬ 
spond  to  local  alloy  compositions  and  4.  The 
strain  energies  of  these  crystal  types  are  expanded  to 
second  order  in  the  bond  elongations  and  the  bond-angle 
distortions,  with  the  coefficients  of  the  expansions  deter¬ 
mined  b\  elastic-constant  data,  similar  to  a  Keating  mod¬ 
el.^  The  results  of  this  theory  for  Hg^«^CdJ^Te  are  given 
in  Fig.  1.  Details  of  the  theory  can  be  found  in  Ref.  4. 

III.  CALCULATIONAL  METHOD 

.All  of  the  essential  pii>'.ics  of  this  problem  is  linear  in 
allo>  compo.Mtion  a.  and  so  the  issues  iinoived  can  be 
resolved  at  any  single  composition  ue  choose  (other  than 
A  =  0  or  1),  Three  natural  choices  present  themselves: 
X  =0.5,  A  — *  1,  and  a  —0.  The  latter  two  choices  corre¬ 
spond  to  the  singlc-impuriiv  limit,  where  the  issue  be¬ 
comes  “is  the  bond  length  of  a  Hg  impurity  in  CdTe 
significantly  smaller  than  the  pe.'fect-crysu  i  Hg — Te 
bond  length,  despite  the  fact  that  CdTe  has  a  larger  lat¬ 
tice  constant  than  HgTe?”  or  **is  the  bond  length  of  a  Cd 
impurity  in  HgTe  stgnificantly  larger  :  ,an  c^cdic 
However,  it  is  slightly  m(\**e  convenient  for  us  to  oeier- 
mine  bond  lengths  theorci  .ailv  in  the  a  =0.5  microcrys- 
tal  model,  which  also  ailov.*. direct  comparison  with  the 
work  of  Hass  and  Vanderbilt  and  Sher  et  al.  Hence  we 
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consider  the  bond  »engths  in  Hg^  5Cd()  5Te. 

Our  calculations  are  based  on  Iccal-dcnsiiy  theory’  and 
'.c  pseudofunction  method.^  Local-density  theory  gen¬ 
erally  produces  reliable  changes  of  total  energy,  and  so 
can  be  exp  .-cted  to  predict  structural  properties.  Its  abili¬ 
ty  to  pred’Ct  band  ^^aps  and  conduction-band  structures  is 
well  known  to  be  >uspect,  however.  The  pseudoicnc- 
lion  implementation  of  local-density  theory  has  worked 
very  well  for  a  number  of  problems  in  semiconductor 
physics;  It  yielded  a  bond  length  in  bulk  Si  only  0.5% 
different  from  the  e.^perimenta!  value  and  a  bulk  modulus 
and  its  derivative  with  respect  to  pressure  very  close  to 
the  experimental  ones.**  It  correctly  described  the 
Curie-constant  data,  *^  photoemission  measurements,  *^ 
and  inverse  photoemission  spectra*^  of  Cd|-.j5MnjjTe 
semiconducting  alloys.  And  it  correctly  predicted  that  a 
monolayer  of  potassium  on  the  Si(001)-(2X1)  surface*'^ 
would  form  metallic  chains  each  with  Si — K  bond 
lengths  of  3.3  A.  (Subsequent  experiments  confirmed  the 
predictions  that  the  Si — K  bond  length  is  3.14±0. 1  A 
and  that  the  Si— K  bond  is  weak,  *^  as  is  to  be  expected  of 
a  metallic  chain  model.) 

In  the  present  stuoy  the  outermost  J-shell  electrons  of 
the  cations,  Hg  and  Cd,  are  treated  as  valence  electrons, 
on  the  same  footing  as  the  bonding  s  and  p  electrons.  The 
remaining  cation  electrons  arc  treated  as  a  spherically 
symmetric  core.  The  electrons  of  the  Te  anions  are 
separated  into  i  and  p  valence  electrons  and  a  spherical 
core.  The  core  charge  densities  of  all  atoms  are  obtained 
by  solving  the  Schrodinger  equation  for  the  spherical  pan 
of  the  total  potential:  this  is  repeated  each  self-consistent 
iteration.  The  inclusion  of  :he  core  charge  densities  in 
the  iteration  procedure  is  essential  for  obtaining  accurate 
potentials  and  d  bands,  since  the  d  orbitals  have  their 
sharp  maxima  Jeep  in  the  cure  region.  That  is,  a  frozen- 
core  approximation  does  lU't  produce  adequately  accu¬ 
rate  potentials  and  bond  lengths.  For  the  Hgo.5Cdo,5Te 
alloy  we  use  the  same  microcrystal  model  as  that  used  by 
Hass  and  Vanderbilt,^  Two  geometric  parameters,  a  and 
u,  are  adjusted  to  obtain  the  equilibrium  lattice  constant 
of  the  alloy,  which  is  obtained  from  x-ray-diffraction 
data  and  is  a  linear  interpolation  of  the  lattice  constants 
of  HgTe  and  CdTe.  We  use  the  same  microcrysial  unit 
cell  for  HgTe  and  C:;Te,  but  fix  u  so  that  Te  at^'ms  are  at 
tetrahedral  lattice  points.  .As  is  usual  in  recent  theoreti¬ 
cal  bar'i-siruciure  and  total-energy  c:ilculalions,  we  u_e 
two  special  points'''*^  to  approximate  the  integration  over 
the  first  Brillouin  zone.  Relativistic  effects,  except  spin- 
orbit  interactions,  arc  included  for  all  atoms. 


l\\  RESULTS 
A.  HgTe  and  CdTe  crystals 

We  determined  the  zcro-temperaiure,  zero-pressure 
lattice  constant  ^  of  HgTe  to  be  6.455  A  (or 
di{^j^iO)  —  2195  A],  in  comparison  with  the  room- 
temperature  experimental  value  of  6.459  A  (Ref.  18)  (or 
.A).  Sintiilarly,  the  calculated  lattice  con¬ 
stant  of  CdTe  is  6.496  A  (rf(;jxc^^^~2.8l3  A),  versus 


6.480  .A  [rfcdTc(l)“2.806  A]  measured  at  room  tempera¬ 
ture.’^  These  lattice  constants  were  obiaineo  by  fitting 
calculated  total  energies  versus  unit-cell  volumes  to 
Murnaghan's  equation  of  state, 

E{V)=  {Bo y/B'o )(( f'o / 1')'’'’+ 5 0 -  I  ] /( 5o - 1 ) 

+ const  , 

Here,  Vq  is  the  equilibrium  volume;  Bq  is  the  bulk 
modulus  and  Bq  is  its  derivative. 

Our  calculated  derivatives  of  the  bulk  moduli  Bq  with 
respect  to  pressure,  Bq,  are  in  good  agreement  with  avail¬ 
able  data,  being  6.85  for  HgTe  and  6.70  for  CdTe,  versus 
6.4z0.6  measured  at  room  temperature  ^  for  CdTe.  W'e 
find  bulk  moduli  Bq  of  0.64  and  0.47  Mbar  for  HgTe  and 
CdTe,  compared  with  experimental  values  of  0.42  Mbar 
(at  room  temperature)  (Ref.  21)  and  0.49  Mbar  (at  77  K) 
(Ref.  22)  for  CdTe  and  0.43  .Mbar  (at  room  temperature) 
for  HgTe.  Hass  and  Vanderoilt^  obtained  bulk  moduli  of 
0.047  and  0.13  Mbar  for  HgTe  and  CdTe,  using  an  ab  mi- 
tio  method  which  confined  d  electrons  to  their  atomic 
cores.  We  also  calculated  the  zone-center  optical-phonon 
frequencies.  They  are  3.32  and  3.96  THz,  respectively, 
for  HgTe  and  CdTe,  compared  with  experimental  values 
of  3.64  and  4,20  THz.^*  Our  calculations  employed  9747 
plane  waves  to  expand  the  interstitial  parts  of  the  basis 
wave  functions.  For  the  nonspherical  parts  of  the  charge 
densities  and  potentials,  72  557  plane  waves  were  em¬ 
ployed. 

B.  HjvjCdo.jTe  alloy 

For  the  Hass-Vanjerbilt  microcrvsial  model  of 
Hgo  jCdo  ^Te  we  find  an  average  lattice  constant  of  6.472 
A  =  2.802  A),  essentially  the  same  as  the  value  e.x- 
tracted  from  measurements  of  HgTe  and  CdTe,  com¬ 
bined  with  Vegard’s  Jaw:  -0) 

=  1)=2.S01  k  (or  6.470  A  for  the  lattice 
constant),*’  Hass  and  Vanderbilt*^  also  did  well  in  com¬ 
puting  the  lattice  constant,  having  been  off  the  experi¬ 
mental  value  by  only  0.5%  for  Hgo.jCdo.^Te,  However, 
their  result  was  predicted  by  an  adjusted  ’heory  that 
treated  the  d  electrons  phenomenologically  and,  by  con¬ 
struction,  was  e.xact  for  HgTe  and  CdTe,  In  contrast,  the 
pseudofunction  method  desenbeu  here  is  a  fully  a  priori 
theory.  We  compute  local  bond  lengths  in  the  alloy  of 
^H5Tct'^=0.5)=2.795  A  and  dcdTc'0‘5)  =  2.810  A.  The 
difference  dQ^j^{x=0.5)—d^^^j^{x-0.5)  is  0.015  A, 
close  to  the  experimental  difference  of  0.0 1  A  in 
bond-length  reb.xation  parame¬ 
ter  €  is 

_  dU^Te-x  =0.5)-dc4T^(x  =0.5) 

which  IS  calculated  to  be  t  :^J.83.  From  the  EXAFS  re¬ 
sults  of  Pong  and  Bunker^  on  a  number  of  pseudobinary 
ternary  semiconductor  alloys,  e  typically  lies  in  the  range 
0.6-0.8,  but  for  Hg|-.^Cd;jTe  seems  to  be  unity. 
Hass  and  Vanderbilt  obtained  6=5.8  and  3her  ct  a/, 
found  6  =  2. 
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iv.  DISCUSSION 

A.  Bond<!cngth  relaxation 

The  present  calculations  reduce  the  uncertainty  in  the 
calculated  a  priori  bond  lengths  in  Hg|«^Cd;cTe  alloys  to 
about  0.01  A  from  0.3  A.  As  a  result*  our  local-density 
theory  is  consistent  with  the  phenomenological  strain 
theory  of  Newman  et  the  lattice-constant  data,*' 
and  the  EXAFS  data  of  Bunker  et  Because  our 
theory  contains  physics  absent  from  the  models  of  Sher 
et  aL  and  of  Hass  and  Vanderbilt,  it  implies  that  the 
theoretical  uncertainties  in  those  calculations  are  of  com¬ 
parable  magnitude  with  the  changes  in  bond  lengths  they 
predict.  Thus  the  large  bond-length  relaxations  away 
from  the  average  are  no  longer  to  be  expected  in 
Hgi-;(CdjfTe,  and  the  apparent  discrepancy  iJetween 
local-density  theory  and  both  the  data  and  Newman’s 
theory  is  removed. 

We  believe  that  the  large  uncertainties  of  the  theories 
of  Sher  et  ah  and  Hass  and  Vanderbilt  are  due  to  their 
introduction  of  non-self-consistent  phenomenological 
repulsive  potentials,  a  common  feature  of  both  theories. 
These  potentials  arc  adjusted  to  produce  the  observed  lat¬ 
tice  constants  of  HgTc  and  CdTe.  (In  the  Hass- 
Vanderbilt  theory,  the  zone-center  optical-phonon  fre¬ 
quencies  were  fitted  as  well.)  Ii«  *hc  model  of  Sher  et  aL, 
this  phenomenological  potential  is  rooted  in  Harrison’s 
theory  of  the  total  energy*^  and  accounts  for  the  repulsive 
interactions  between  electronic  charges.  In  the  Hass- 
Vanderbilt  theory,  the  repulsive  potential  compensates 
for  having  confined  the  d  waves  to  the  atomic  cores. 
Such  a  potential  may  be  adequate  for  the  perfect  crystals 
where  all  atoms  occupy  perfectly  tetrahedral  sites,  but  it 
should  be  regarded  with  suspicion  in  alloys — especially 
for  calculations  of  bond  lengths  of  four-digit  accuracy. 
We  believe  that  our  approach,  with  an  a  priori  self- 
consistent  potential,  is  preferable  for  calculations  requir¬ 
ing  accurate  bond  lengths. 

B.  Charge  transfer 

The  anomalous  bond-length  relaxation  found  by  Sher 
et  aL  and  by  Hass  and  Vanderbilt  was  attributed  by  them 
to  electronic  charge  transfer  from  Cd  Jo  Hg,  which  pur¬ 
portedly  destabilizes  the  Hg — Te  bond. 

We  have  calculated  the  charges  inside  muffin-tin 
spheres  of  radius  1.4  A  for  cations  in  HgTe,  CdT',  and 
Hgo<Cd,,  <Te.  and  find  them  all  to  be  the  same,  within 
0.001  electron.  The  charge  in  a  Te  muffin-tin  sphere  of 
Hgo.5Cdo.5Te  is  the  same  as  the  average  for  HgTe  and 


Cdfe,  to  within  0.001  eleciron.^  [The  Te  charge  in  CdTe 
is  slightly  larger  than  in  HgTe,  duc'to  th-i  larger  tPauling) 
ioniciiy  of  CdTe.]  Thus,  (i)  the  ionic  charges  are  deter¬ 
mined  primarily  by  nearest-neighboring  bonding,  (ii)  a 
virtual-crystal  model  of  the  Hg,.,^Cd^Te  electronic 
structure  is  appropriate  for  the  uppermost  valence  and 
the  lowest  conduction  bands,*"*  and  uii)  we  find  no  evi¬ 
dence  of  anomalous  or  large  charge  transfer  in  the 
Hg|..^Cd^Te  alloy.  (Wei  et  aL  reach  a  qualitatively 
similar  conclusion.*') 

In  summary,  we  believe  that  the  extra  self-consistency 
of  our  calculations,  compared  with  previous  ones,  limits 
the  charge  transfer  to  0.001  electron.  Furthermore,  the 
proper  treatment  of  d  electrons,  their  orbitals,  and  their 
hybridization  with  s  and  p  valence  electrons  is  an  impor¬ 
tant  feature  of  our  approach.  These  two  features  com¬ 
bine  to  reduce  the  th-outical  uncertainly  for  our  local- 
density  calculations  and  to  p.ovide  a  modicum  of 
justification  for  theories  such  as  that  of  Newman  et  aL 
which  neglect  charge  transfer  and  consider  only  internal 
strains  for  computing  bond  lengths  in  alloys. 


V.  CONCLUSIONS 

Our  ab  initio  pseudofunction  total-energy  calculations, 
which  treat  the  d  electrons  of  Hg  and  Cd  atoms  self- 
consisitnily  and  on  the  same  foot-  3  as  valence  s  and  p 
electrons,  are  able  to  obtain  the  Kr— Te  and  Cd — Te 
bond  lengths  in  HgTe,  CdTe.  and  <Cd0  5Te  accurate¬ 
ly  to  within  a  few  tenths  of  a  percent.  Our  result.s  show 
that,  to  a  good  approximation,  the  Hg — Te  and  Cd — Te 
bond  lengths  are  constant  in  Hg|.-jj Cd,le  alloys,  and 
that  any  bond-length  relaxation  is  ver>  :>n..  !1  indeed. 

A  muffin-tin  charge  transfer  analvMS  shows  that  charge 
transfer  from  Cd  atoms  to  Hg  atoms  in  Hgo,5Cdo5Te  is 
insignificant,  about  0.001  electron,  vvithin  the  applicabil¬ 
ity  of  the  micro-crystal  model  for  Hgi-^Cd^Te  alloys, 
our  results  indicate  that  the  properties  of  the  nearest- 
neighbor  bonding  of  the  limiting  crystals  HgTe  and  CdTe 
are  virtually  preserved  in  these  semiconducting  alloys. 

ACKNO  WLEDG.M  ENTS 

We  are  grateful  *1  the  U.S.  Office  of  Na\al  Research 
(Contract  Nos.  N00014-t^4-K-0.i^2  and  N00014-85-J- 
0158)  and  the  U.S.  Defense  Advanced  Research  Projects 
Agency  (Contract  No.  N0530-0~  16-05#  for  their  generous 
.support.  We  arc  also  very  grateful  tv  K.  C.  Hass  for  his 
nelpfui  comments. 


*J.  C.  Mikkclsen,  Jr  and  J.  B.  Boyce,  Pliys.  Rev,  Lett.  49,  1412 
(19S2k 

-A.  Sher.  A.  B.  Chen,  W.  E.  Spicer,  and  C.  K.  Shih.  J.  Vac.  Sci. 
Technol.  A3,  I05U985i. 

C.  Hass  and  D.  V.,nderbili,  J  Vac.  .S  n.  Tech:.  I.  A  5,  3019 

(I9s:.. 

**K.  E.  Nevvn'an,  J,  She.:,  and  D.  Teej:.  Superlali.  Microstruct. 
6,245(1989). 

^B,  A.  Bunker,  J  Vac.  Sci.  fechnoi  A  5,  300.'  (!9$7). 


*W.  F  Poiic  R.  A.  Mayanovic.  and  B  A.  B.inker.  Physica  1 
158.617(1989). 

’R.  V  Kasovvski,  M.-K.  Tsai,  T.  N.  Rhodui.  .ind  D.  D  Cham¬ 
bliss.  Phvs.  Rev.  B  34.  2650  ‘  i9M»». 

^L.  Hcdin  and  B.  1.  Lund'p*''!.  J-  Phvs.  C  4.  2oc4  (1971\ 

'^P,  Kcaiing,  Phvs.  Rev  145.  637  <  l96o‘.  R.  .M.  .Manin.  Phvs. 
Rev.  B6.4546U«72l. 

S.  Hybensen  and  S.  G.  Louie.  Phy^.  Lett.  55.  J418  (H  S5' 
‘LM.-H,  Tsai,  J.  D.  Dow.  and  R.  V.  K,‘so\>ski.  Pays.  Rev.  B  36, 


7748 


TSAL  DOW.  NEWMAN,  AND  KASOWSKI 


41 


2176(1988). 

Tsai,  J.  D.  Dow,  R.  V.  Kasowski,  A.  Wall,  and  A. 
Franciosi,  Solid  State  Commun.  69,  1 131  (1989). 

'^A.  Franciosi,  A.  Wall,  Y.  Gao,  J.  H.  Weaver,  M.-H.  Tsai,  J. 
D.  Dow.  R.  V,  Kasowski,  R.  Reifenbergcr,  and  F.  Pool, 
Phys.  Rev.  B  40.  12009 1 1989). 

Tsai  and  R.  V.  Kasowski.  Bull.  Am.  Phys.  Soc.  32,  865 
(1987);  R.  V.  Kasowski  and  M.-H.  Tsai,  Phys.  Rev.  Leu.  60, 
546(1988). 

^^T.  Kendelcwicz,  P.  Soukiassin,  R.  S.  List.  J,  C.  Woicik,  P.  Pia- 
netia,  I.  Lindau,  and  W,  E.  Spicer,  Phys.  Rev.  B  37,  7115 
(1938). 

J.  Chadi  and  M.  L.  Cohen.  Phys.  Rev.  B  8,  5747  (1973). 

*’Sincc  thermahe.xpansion  and  pressure  corrections  for  the  lat¬ 
tice  constants  have  oppo.snc  signs,  the  difference  between 
zero-pressure,  zero-temperature,  one-atmosphere,  and  room- 
temperature  lattice  constants  Is  commonly  small:  for  e.xam- 
pie,  in  bulk  Si  the  zero-temperature,  zero-pressure  bond 
length  is  2.3508  A,  compared  with  2.3516  A  at  room  tempera¬ 
ture  and  pressure. 


‘*RC  ILridbook  of  Chemistry  and  Phvsics,  66ih  ed.,  edited  by 
R.  C.  Weast.  M.  H.  Astle.  and  \V,  H.  Beyer  (Chemical 
Rubber  Co„  Boca  Raton.  FL,  1985/86). 

•^R.  D.  Murnaghan,  Proc.  Natl.  Acad.  Sci.  USA  30.  244  (1944); 
M.  T.  Yin  and  M.  L.  Cohen,  Pnys.  Rev.  B  26,  5668  (1982). 

Strdssncr,  S.  Ves,  W.  Dieierich,  W.  Gebhardt.  and  M.  Car¬ 
dona,  Solid  St‘!*c  Commun.  56,  563  (1985). 

Crystal  and  Solid  State  Physics,  Vol.  18  of  Landolt-Bornsiein, 
Numerical  Data  and  Functional  Relationships  in  Science  and 
Technology,  edited  by  K.  H.  Hellwege  (Springer,  Berlin, 
1984). 

--Note  that  the  solid  lines  of  Fig.  2  are  straight  by  construction. 
-^W.  A.  Harrison,  Electronic  Structure  and  tne  Properties  of 
(Freeman,  San  Francisco,  19801. 

-^Y.  Onodera  and  Y.  Toyozawa,  J.  Phys,  Soc.  Jpn.  24,  341 
(1986);  K.  C.  Hass,  H,  Ehrenreich,  and  B.  Velicky.  Phys.  F 
B  27.  1088(1983). 

Wei  and  Z.  Zunger,  Phys.  Rev.  B  37.  8958  (1988);  J,  Vac. 
Sci,  Technol.  A  6,  2597(1988). 


y.  7  7j^;  :  ‘v.:- 


t  ^  ^j.  n--^  ^  «^'\^«>»v> 


Solid  State  CoaBunlcatlons,  Vol.  69,  Ho*  12,  pp» 1131-1 133, 
Printed  In  Great  Britain* 


1989. 


0038-1098/89  $3.00  +  .00 
Perganon  Prcee  pic 


EXPLANATION  OF  ANOMALOUS  CURIE  CONSTANTS  OF  Cdi.^^n^Tt  ALLOYS 

M.-H.  Tsai  and  John  D.  Dow 
Department  of  Physics,  University  of  Notre  Dame 
Notre  Dame,  Indiana  46556,  U.S.A. 
and 

R.  V,  Kasow'ski 

E.  I.  du  Pont  de  Nemours  and  Company 
Central  Research  and  Development  Department,  Experimental  Station 
Wilmington,  Delaware  19898,  U.S.A. 
and 

A,  Wall  and  A.  Franciosi 

Department  of  Chemical  Engineering  and  Materials  Science 
University  of  Minnesota,  Minneapolis,  Minnesota  55455,  U.S.A. 

(Received  7  December  1988  by  E.  Tosatti) 


The  anomalous  Curie-constant  data  for  Cd^.j^Mn^^Te  alloys  are  explained  in  terms 
of  spin-polarization  of  the  valence  band  3  and  p  states  by  Mn.  The  theory,  which  is 
based  on  an  a  pnon  spin-unrestricted  pseudofunction  local-density  approximation, 
illustrates  the  consequences  of  Hund's  first  rule  in  solids. 


1.  Introduction 

Recent  magnetic  susceptibility  measurements  of  zinc- 
blmde  alloys  revealed  Curie-law  behavior, 

but  with  anomalous  Curie  constants  that  did  not  fol¬ 
low  the  expected  dependence  on  alloy  composition  x  for 
x>0.4  [1). 

C  =  A  X  S(S-fl).  (1) 

Here  A  is  a  constant  and  S  is  the  spin  of  the  Mn  ion, 
which  is  5/2  for  the  free  Mn*^^  jon  in  the  con¬ 
figuration,  according  to  Hund*s  first  rule  (2).  For  small 
Mn  concentration  x,  Spalck  et  al.  foxind  the  expected 
behavior,  C=AxS(S-hl),  'vith  a  spin  almost  equal  to  the 
free-ion  value.  S  =  2.47  ±  0.05,  for  Cd^.j^Mn^^Te.  How¬ 
ever,  the  Curie  constants  increased  above  their  expected 
linear  dependence  on  x  for  high  Mn  concentrations. 

2.  Effective-spin  and  Hand’s  first  rule 

In  this  paper,  we  shall  present  caJculations  which 
explain  the  anomalous  super-linear  x-dependence  of 
the  Curie  constants  of  Cdj.jjMn^Te  in  terms  of  spin- 
polarization  of  the  valence  bands  by  Mn.  We  shall  write 
the  Curie  constant  as 

C  =  A  X-  S(x)  (Stx)+ll,  (2) 

where  we  have  the  effective-spin 

S(x)  =  (5/2j  +  q(x)/2.  (3) 


The  valence-band  spin-polarization  fu!>ction  q(x)  can  be 
interpreted  as  the  number  of  additiooal  spikes,  beyend 
the  five  spins  associated  with  the  d-dcctrcr.s.  in  the 
ricinity  of  a  Mn  nucleus  of  zinc-blende  Cdi.j.'ln^Te. 
Note  that  zinc-blende  Cd^.j-Mn^-Te  has  not  grown 
for  X  >  0.7  (1),  but  extrapolation  to  x=l  (hypotheti' 
cal  MnTe)  of  a  least-squares  fit  of  Spalck 's  data  pro¬ 
duces  an  exp»critaental  value  =■  1.2.  More¬ 

over  hexagonal,  NiAiVStructure  MnTe  exists  with  a  mea¬ 
sured  spin-polarization  function  of  ^ 

(3].  (The  smaller  value  of  q  may  be  attributed  to 
the  larger  Mn-Te  separation,  2.91  A  in  the  NiAs  crys¬ 
tal  structure,  versus  2.73  A  in  the  zinc-blende  struc¬ 
ture.)  Hence  both  hexagonal  and  hypothetical  zinc- 
blende  MnTe  have  “extra”  electronic  spins  at  each  Mn 
site  than  can  come  from  Mn  d-clectrons.  Clearly  this 
spin  must  be  associated  with  spin-polariz  -d  j  and  p  va¬ 
lence  electrons.  While  there  exist  other  calculations  of 
the  electronic  structure  of  MnTe  (4-7j,  to  our  knowledge 
none  of  those  calculations  have  producc<l  the  significant 
spin-polarizatiii*.  necessar}'  to  explain  the  susceptibility 
and  Curie'C<»nsiunt  data. 

In  this  paper,  we  report  such  a  calculation,  based  on 
the  local-density  approximation  jS)  as  irr.picincntcd  with 
the  pseudofunction  method  [9],  which  wt  have  mod¬ 
ified  to  handle  spin-polarization.  The  u  .sic  physical 
idea  underlying  the  calculation  is  Hund's  first  rule  (2j: 
A  Mn  atom  in  Cdi.jj.VInj^Te  v/ir  adopt  a  ground  state 
that  maximizes  its  total  spin  S(x).  Although  this  rule 
strictly  applies  only  to  free  m.ignetic  atoms,  it  must 
have  an  analogue  in  solids.  With  this  in  mind,  wc 
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have  developed  our  local-density  theory  with  a  spin- 
dependent  basis  set  that  naturally  allows  hypothetical 
zinc-blende  MnTe  to  adof>t  a  lowest -energ>’  antiforro- 
magnetic  ground  state  of  arbitrary  spin- polarization  in 
each  atomic  cell. 

Neutral  atomic  Mn  adopts  a  ground- 

state  configuration,  with  its  shell  being  closed  and 
spinless.  The  Sd  electrons  of  ai%>mic  Mn  all  have  parallel 
spins,  according  to  Hund's  first  rule:  maximizing  the  to¬ 
tal  spin  requires  a  highly  symmetrized  spin  state,  and  an 
orbital  wave  function  that  minimizes  the  electrons’  mu¬ 
tual  Coulomb  repulsion  (2).  A  similar  correlation  effect 
exists  in  solids,  although  the  electronic  configuration  is 
more  complicated  due  to  coupling  between  atom.s:  the 
dominant  configuratum  in  zinc-blende  MnTe  [lb,ll)  is 

In  atomic  Mn  tht  spin-7/2  configu¬ 

ration  lies  at  too  high  an  energy  relative  to  the  spin-5/2 
)(^3)“  configuration,  and  so  does  not  contribute  ap¬ 
preciably  to  the  ground  state,  even  though  Jt  has  a  larger 
spin.  But  In  condensed  matter  this  large-spin  configu¬ 
ration  has  to  be  considered  for  the  ground  state  because 
the  energy  necessary  to  transfer  an  3  valence  electron  to 
a  p-state  is  small.  (This  is  analogous  to  the  case  of  C, 
which  assumes  the  atomic  ground-state 

configuration,  but  finds  a  lower  energy  in  conden.scd 
matter  by  f  uming  3p^  bonds  from  the 
configuration.)  In  fact,  the  grouno  state  of  Mn  in  MnTe 
is  a  linear  combination  of  configurations,  including  the 
spin-polarized  configuration  wid  the 

closc.l-shell  configuration  as  well  as  others. 

Our  calculations  show  that  such  a  spin-polarized  state 
has  a  lower  total  cnerg}*,  as  e.xpected  from  Hund's  first 
rule. 

3.  Method  of  calculation 

We  use  the  pseudofunction  method  (9J  together  with 
local  spin-density  theory  {$)  to  compute  the  electronic 
structure  eind  ground  state  energ>*  of  zinc-blende  MnTe, 
CdQ  5.\ln0  5Te,  and  CdQ  y^Mng  25Te.  This  method 
has  correctly  predicted  the  0,5  Bohr  magneton  spin- 
saturation  magnetization  of  Ni  (12)  and  has  been  ap¬ 
plied  successfully  to  a  number  of  problems  concerning 
non- magnetic  semiconductors  (13,14), 

Using  a  uni:  cell  containing  two  Mn  atoms  and  two  Te 
?.:oms  (4)  to  d**icribe  MnTe,  remsidered  ''‘'th  antifer¬ 
romagnetic  (AF)  and  ferrom.’iir.i  'tic  (F)  pl*ases  of  Mn, 
by  aligning  the  spirts  on  nearest-neighbor  Mn  ions  either 
anliparallcl  (AFi  or  parallel  (F»  Our  total-encrg\*  cal¬ 
culations  favored  the  (known)  AF  giound  stat»*  by  0.17 
?V/moIecule,  with  a  Mn-Te  bond  length  of  2.CS  A  (as 
compared  with  the  experimental  value  of  2.73  A  (4,15)), 
an  indication  that  the  calculation^  had  adequ*'tely  con¬ 
verged  to  orreci  physics  [1C.  17),  The  resultii  conduc¬ 
tion  band^,  when  projected  onto  a  particula:  Mn  site, 
were  highly  spin-polaii  ni.  a  result  that  we  :::  I  not  an¬ 
ticipated. 

We  repeated  the  calculations  for  CdQ  5M1  j  .»  and 
^^0.75*^^^0  25^^’  using  tiie  standard  per  micro¬ 


crystal  models:  an  eight-atom  unit  cell  with  the  fOOl)- 
superlattice  structure  and  a  sixteen-atom  unit  cell  with 
the  luzonite  structure,  respectiveh  (14, IS). 

4.  Results 

By  summing  the  net  ?pin-d«  nsity  of  the  localized  .% 
p,  and  d  orbitals  centered  on  a  Mn  atom,  wo  deter¬ 
mined  the  valcnce-band  spin  polarization:  ^(1)  =  1.30, 
77(0.5)  =  0.36,  and  77(0.20)  =  0.04,  The  minority-spin 
<f-elcctr<  ns  actually  contribute  a  small  negative  amount 
to  Ij(x). 

We  compare  the  results  of  our  a  prion  calculations 
for  the  spin  S(.\^  in  a  Mn  cell  with  data  in  Fig.  1.  The 
smooth  line  for  S(x)  i»  obtained  by  fitting  to  a  parabola 
the  calculated  spin  S(x)  for  three  values  of  x:  x=l,  0.5, 
and  0.25.  The  resulting  parabola  is  S(x)— oQ-^ax-*-b>'-, 
with  Sq=2.41,  a=0.34,  and  b=0.-.0.  Notr  tlu  excellent 
agreement  between  the  a  prio*:  theory  i**  d  the  data. 

Initially  our  studies  of  MnTe  and  Cd2.j.Mnj.Te  were 
motivated  not  by  a  desire  to  understand  magnetic  sus¬ 
ceptibility  and  Curie-constant  data  but  by  phoioemis- 
sion  expcriinei.ts  (10,11).  Our  spia-unpolarized  calcula¬ 
tions  produced  density  of  states  spectral  U  atures,  for  the 
d-bands  in  particular,  that  agreed  with  previous  theo¬ 
ries  (4-7)  but  disagreed  with  the  data  by  typically  > 
leV.  The  introduction  of  sp:r.-pola.rization  produced  (i) 
d- related  phoioemission  peaks  3  5.  I  C.  and  O.S  e\’  below 
the  vrdence  band  maximum  (in  agre^  .-tieni  w  iih  the  data 
(10,11)),  fii)  inverse  photoemission  spectra  with  the  rel¬ 
ative  positions  of  3,  p.  and  d  features  in  ai^rccment  with 
the  data  (10,11),  and  (iii)  tripiy-peaked  Tc  53  partial 
densities  of  states  induced  by  spin  polarization,  again 


Fig  1.  Effective  total  spin  S(x)  of  a  Nin  atom  in  zinc- 
blende  Cd- .j.Mn...To  versus  .\!n  concentration  x.  The 
solid  line  i'^  the  patrtbolic  interpolation  of  the  a  prion 
calculations  foi  x=l/4,  x=l/2,  and  x=sl  'solid  trian¬ 
gles)  Tiie  ciicles  arc  cxtn»ctc  i  from  Curie-constant 
data  [1 
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in  agreement  with  the  data  (10,11).  Thus  the  theoret¬ 
ical  framework  developed  to  explain  che  spectroscopic 
data  explains  the  magnetic  properties  of  the>e  materials 
as  well. 

One  might  ask  why  the  present  theory  produces 
such  dramatic  spin-polarixation  eliects  when  otlier  locjil- 
density  theories  have  not.  We  beiicve  that  the  difference 
in  theories  ultimately  is  triiceable  to  the  basis  sets.  The 
pseudofunction  basis  allows  one  to  obtain  a  Hund’s-rule- 
like  ground  st«*vte  because  tlie  basis  contains  realistic  lo¬ 
calized  spin-unrc{=trictcd  states.  Plane- wave  basis  sets 
emphasize  the  iiterstitial  regions  of  a  ciystal,  and  so, 
many  plane  \vd.vcs  are  required  to  describe  a  localized 
d-function.  To  test  our  hypothesis  that  the  difference  in 
the  results  of  the  pscudofunction  and  plane- wave  meth¬ 
ods  is  attributable  to  the  basis  sets,  we  restricted  our 
ba'is  orbitals  to  be  the  same  for  spin-up  and  spin-down 
electrons.  As  expected,  we  reproduced  the  principal  d- 
band  feature  at  —2.4  eV  below  the  valence  band  maxi¬ 
mum  found  in  previous  plane- wave  implementations  of 
local-density  theory  (4,5);  iliis  feature  lies  tal  cV  lowt 
in  our  unrestricted  pscudofunction  calculation  and  in 
the  data.  Hence  wc  concluded  that  charge  transfer 
involving  orbiteds  with  difffent  spins  is  important  in 
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Cd and  that  .such  charge  transfer,  since  it  in¬ 
volves  localized  d-states,  is  better  handled  in  a  pseudo¬ 
fur,  ciion  basis  than  in  a  plane- wave  basis:  The  pscudo¬ 
function  method  handles  the  spin-polarization  and  the 
phys:cs  of  Flund’s  first  rule  in  a  natural,  transparer. 
way. 

o.  Conclusion 

The  anomalous  non-linear-in-x  Curie  constants  of 
Cd].j^Mu^Tc  alloys  are  attributed  to  spin-polari.:;ttion 
of  the  valence  electrons  by  the  Mn  The  amount  of 
valence  spin-polarization  is  correctly  predicted  by  a  pru 
on  spin- polarized  pscudofunction  local-density  theory. 
This  theory  also  correctly  pri*d*  ted  that  the  ground 
state  of  MnTe  is  antiferromagnetic  and  removed  a  num¬ 
ber  of  significant  discrepancies  between  previous  theo¬ 
ries  and  photoemission  and  inverse  photoemission  spec¬ 
tra. 

Acknowledgeaencs-  Wc  are  grateful  to  the  U.S.  De¬ 
fense  .Advanced  Research  Projects  Agency  (Coni'  ct 
No.  N0530-071G-05)  and  the  U.S.  Office  of  NavM  Re 
sesurch  (Contract  No.  N00014-84-K-0352)  for  their  gen¬ 
erous  support  of  this  research. 


REFERENCES 


(1)  J.  Spalek,  A.  Lewicki,  Z.  Tarnawski,  J,  K.  Furdyna, 
R.  R.  Galazka,  k  Z.  Obuszko,  Phys,  Rev.  B33, 
3407  (1986). 

|2)  See,  e.g.  G.  Buym,  in  Lectures  on  Quantum  Me^ 
chaniesy  (W.  A.  Benjamin,  Inc.,  New  York,  1969), 
p.458. 

(3)  Handbook  of  Chemistry  &  PhyMcSy  Ed.  R.  C. 
Wccust,  62nd  Edition,  (CRC  Press,  Inc,.  Boca  Ra¬ 
ton,  Florida,  1981-1982). 

(4)  S.  H.  Wei  &  A.  Zunger,  Phys.  Re/.  B35,  2340 
(1987). 

|5)  B.  E.  Larson,  K,  C.  Hass,  H.  Ehrenrcich,  k  A.  E. 
Carlsson,  Solid  State  Commun.  56,  347  (1985). 

(6)  B,  Velirky,  J  Masek,  V,  Chab,  k  B.  A.  Orlowski, 
Acta  Phys.  Polonica  A69.  1059  (1986);  J,  Masek, 
E,  Velicky,  k  V.  Janis,  Acta  Phys.  Polonica,  A69, 
1107  (1986);  J.  Phys.  C  20  59  (I9S7);  J.  Masek  k 
.B.  '  elicky,  phys.  stat.  sol.  (b)  140,  135  (1987). 

(7)  M.  Podgorny,  Z.  Phys.  B69,  501  (1988). 

(8)  W.  Kohn  k  L.  J.  Sham,  Phys.  Rev,  140,  1133 
(1965);  U.  von  B'lrth  k  L.  Hedin,  J.  Phys.  C  5, 
1629  (1972). 

(9)  R.  V.  Kasowski,  \I.-H.  Tsai,  T,  N  Rhodin,  k  D. 
D.  Chambliss,  Phys.  Rev.  B34,  2C56  (1980). 

[10]  A.  Wall,  A.  Franciosi.  Y.  Gao,  J.  H.  Wea.er,  M.- 
H.  Ts2u,  .1.  D.  Dow,  R.  V.  Kasowski,  J.  Vac. 
Sci.  Technol.,  to  be  published;  A.  Franciosi,  A. 
Wall,  Y.  Gao.  J.  H.  Weaver,  M.-H.  Tsai,  J.  D.  Dow, 
R.  V,  Kasowski,  R.  Reifcnberger,  k  F.  Pool,  to  be 
published. 

(11)  A.  Franciosi,  in  Diluted  Magnetic  ('5e7njina^ncficj 
Semiconductors y  R.  L.  .Xggarwal,  J.  K.  Furdyna,  k 


S.  von  Molnar,  eds.,  (Materials  Research  Society, 
Pittsburgh,  Pennsylvania,  1957). 

(12)  C.  Kittel  in  Introduction  to  Solid  State  Physics,  5th 
Edition.  (John  Wiley  k  Sons,  New  York,  1976),  p. 
466. 

(13)  M.-H.  Tsai,  J,  D.  Dow,  k  R.  V.  Kasowski,  Phys. 
Rev.  B  38,  2176  (1988);  M.-H.  Tsai  k  R.  V,  Ka¬ 
sowski,  Bull.  Amer.  Phys.  Soc.  32,  865  (1987); 
R.  V.  Kasowski  k  M.-H.  Tsm,  Phys.  Rev.  Lett. 
60,  546  (1988);  M.-H.  Tsai,  R.  V.  Kasowski,  k  T. 
N.  Rhodin.  Surf.  Sci.  179,  143  (1986);  R.  V.  Ka- 
sowski,  M.-H.  Tsai,  k  J.  D.  Dow,  J.  V'ac.  Sci.  Tech¬ 
nol.  B  5,  953  (1987);  M.-H.  Tsai,  D.  W.  Jenkms, 
J,  D.  Dow,  k  R.  V.  Kasowski,  Phys.  Rev,  B  38, 
1541  (19SS);  M.-H.  Tsai.  R.  V.  Kasowski,  k  J.  D. 
Bow.  Solid  State  Common.  64,  231  (1987). 

(14)  M.-H.  Tsai  J.  D.  Dow,  K.  E.  Newman,  k  R.  V. 
Kasowski.  “Theory  of  local  bond-length  relaxation 
in  Hgj.j^Cd^^Te  alloys,”  to  be  published. 

(15)  A.  Balzarotti,  M.  Czyzyk,  A.  Kisiel,  N.  Motta,  M. 
Podgorny,  k  M.  Zimnal-Starnawska,  Phys.  Rev.  B 
30.  2295  (1984). 

(16)  The  Mn-Tc  bond-length  for  the  ferromagnetic 
ground  state  was  2.70  V.  We  used  1815  plane  waves 
of  each  spin  in  our  basis  set  aind  two  special  points 

(17)  to  approximate  integrations  over  the  first  Bril- 
louin  zone. 

(17)  D  J.  Chadi  k  M.  L.  Cohen,  Phys.  Rev.  B8,  5747 
(1973). 

(1S|  K.  C.  Hass  k  D.  Vanderbilt,  J.  Vac.  Sci.  Technol. 
A5.  3019  (1987). 


Inverse  photoemission  and  resonant  photoemlsslon  characterization 
of  semimagnetic  semiconductors 

A.  Wall,®' A.  Franciosi.Y.  Gao,  andJ.H.  Weaver 

Department  of  Chemical  Engineering  and  Materials  Science,  University  of Minnesota,  Minneapolis, 

.Minnesota  55455 

M.-H.  Tsai  and  J,D.  Dow 

Dcparwii'iu  of  Physics,  SotreDame  University,  Notre  Dame,  Indiana  46556 

R.V.  Kasowski 

Central  Research  and  Development  Department,  E.  I.  du  Pont  de  Nemours  and  Company,  Experimental 
Station,  Wilmington,  Delaware  19898 

(Received  12  December  1988;  accepted  9  January  1989) 

The  new  magnetotransport  and  magneto-optical  properties  of  the  semimagnetic  Cd. 
semiconductor  alloy  series  depend  critically  on  the  nature  of  the  Mn-derived  d  states.  We  examine 
here  the  electronic  structure  of  these  alloys  with  a  combination  of  inverse  phoioemission 
spectroscopy^  core-level  photocmission  line-shape  analysis,  vaience-band  resc:n:*nt 
photoemission,  and  local  density  pseudofunction  theor>^  The  spectroscopic  data  reflect  the  locai 
Mn-Te  coordination  and  are  in  remarkable  ag>eement  w>jh  our  one-electron  calculations,  .see 

no  evidence  of  Mn-derived  d  states  in  the  gap,  and  observe  an  experimental  d  exchange 
splitting  of  8.4  ±  0,4  eV,  lc„  almost  twice  as  large  as  expecii.d  from  earlier  theoretical  estimates. 

The  ground-state  configuration  of  Mn  in  the  solid  is  primarily  (d  \  )  {s\)(pi ),  and  the  super- 
exchange  interaction  has  an  important  role  in  determining  the  stability  of  such  a  configuration 
relative  to  (i/ 1 )  V. 


I  INTRODUCTION 

Ternary  semimagnetic  semiconductors’*'-'  are  alloys  in 
which  magnetic  atoms  such  as  Mn  randomly  replace  some  of 
the  cations  in  a  II-VI  semiconductor  lattice  The  new  phe¬ 
nomena  that  this  class  of  .materials  bring  to  semiconductor 
science  stem  from  the  spin-spin  exchange  and  super-ex- 
change  interactions^  ’**  that  involve  the  magnetic  moments 
localized  on  the  substitutional  magnetic  impurity,  and  the 
band  and  impurity  states  of  the  Il-VI  host.'"  Such  interac¬ 
tions  result  in  large  g  factors  giant  magnetoresistance,  large 
values  of  the  Faraday  rotations,  and  no'  el  magnetotransport 
and  magneto-optical  properties."^ 

Critical  parameters  to  model  and  understand  the  proper¬ 
ties  of  ihe>e  materials  are  the  ground-state  energy  of  the  Mn 
od^co:  \gijration.  the 3^3^  hybridization  witnamon-derived/? 
Slates,  the  Coulomb  correlation  energy  of  the  Mn  od  elec¬ 
trons,  and  the  magnitude  of  thesuper-exch::*’ge  miernciton. 
Gunnarsson  et  a!  recently  pointed  out  a  stimulating 
paper  'lie  w.  d.lhculties  m\ol\Cvl  in  cal.  .bring  ab  initio 
the  rci^*rm.:!-zed  Coulomb  integrals  m  Anderson’s  Hamil¬ 
tonian  for  th*  ’.onmeiall:  ‘  systems  of  interest  here.  Experi¬ 
ment  has  lopii'wde  the  electronic  information  indispensable 
to  model  the  p.^iperlles  of  these  maienais  and  te.si  the  iheu- 
reiica!  approslmaiions. 

In  this  par:r  we  e.xainme  the  prototypical  Cd,  _  ,  Mn,Te 
alloy  sysK n  Wc  have  de.scnbed  m  a  recent  rev  lew*  the  con- 
troversx  ihi  •.  surrounds  the  {x>^’tion  and  character  of  the  d 
slates  in  this  system  and  empiiasi^eu  how  inv  erse  photoem's- 
sion  max  provide  a  crucial  test  of  ilie  calculations  of  (he 
Coulomb  interaction  r\  sampling  the  densirv  of  unoccupied 
electron  states  above  the  Fer  ai  level  £, .  Here  w’e  present 
w  hat  IS,  to  our  knowledge,  the  fii  investigation  of  t  h?  excit¬ 


ed  electron  states  of  a  semimagnetic  semiconductor  by 
means  of  inverse  phoioemission  spectroscopy.  We  also  e.v 
tend  earlier  phoioemission  speciroscopx  studies  of  the  elec¬ 
tronic  structure,  and  interpret  the  data  in  the  light  of  new' 
self-consistent  local-density  pseudofunciion  c  .Iculaiions  for 
zinc-blende  MnTe.  Our  results  force  a  critical  reexaiuation 
of  many  current  ideas  about  the  elecirom '  conngur.uion  of 
Mn,  the  magnitude  of  electron-electron  correlation,  •  nd  the 
validity  of  the  one-electron  approximation  in  icrnarv  semi- 
magnetic  semiconductors.  A  short  summary  of  selected  re¬ 
sults  has  been  reported  earlier.’** 

II,  EXPERIMENTAL  DETAILS 

The  crystals  used  in  il»e  pre.seni  studies  were  growm  at 
Purdue  University  through  a  mod  Tied  Bndeman  method, 
and  characterized  through  x-ray  difin*.  non  end  x-ray  mi¬ 
croprobe  anaiysr  as  to  crysialIogi,iph.c  pluis*  .nd  Mn  con¬ 
tent.  All  results  were  obtained  vm  singlc-pha^-v  single  crys¬ 
tals  cleaved  //;  si:.,  {x  =  0,  0.20.  0  35,  0  45  and  O.bO)  in  a 
suitable  specuometer  at  operanrg  p  >  .ires  of  about 
—  5,^'  10*"  1*orr.  The  data  suinm,.i:zcd  hciohave  been  ob¬ 
tained  fiom  a  number  of  cleavage  -r.b.  c,s  o:  triable  quali¬ 
ty,  ranging  trvn:  highly  disordered  to  fiat  rmuodikc  sur¬ 
faces,  The  dai.i  appear  mdepcndent  of  cleave  quality  and 
provide  informal  i<'n  on  :lie  bulk  civet  roriK  si  met  u  re. 

Inverse  phoioemissiop,  measuiemcr.is  v  vp*  performed  di¬ 
recting  a  co'‘imaied  monochroniaik  election  I'c.im  at  the 
cleaved  surface  and  monuchronuiiztng  the  einmed  photons 
with  a  0  5-m  Rowhuui  ;  rcle  rnoir  rhromaU)!  >•  :tn  a  qu,  rtz 
grating  and  a  rncrochannelpiaic  de‘ecior.‘"  The  comhina- 
lion  of  the  monochromator  and  a  self-supporting  A*  filter 
allowed  nnly  phot  'ns  with  cne''g\  /:■  =  I-S(  6eV  {('  r.ach 
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the  detector:  The  energy  of  the  emitted  photons  is  deter- 
mined,by  the  radiative  decay  of  the  incoming  electrons  from 
initial-state  energies  E,  of  the  solid  to  final  empty  states  at 
energy  £}-(At'  =  —  £y).  The  final-state  energies  were 

scanned  by  varying  the  accelerating  voltage  of  the  Pierce- 
type  electron  gun  while  keeping  constant  the  monochroma¬ 
tor  pass  energy.  The  resulting  spectra  provide  information 
on  r** .  total  density  of  final  states  £/  weighted  by  an  optical 
emission  cross  section  that  is  a  time-reversed  phoioemission 
cross  section.  This  experimental  technique  has  historically 
been  termed  bremsstrahlung  isochromat  spectro¬ 
scopy  '  ^  ( BIS ;  and  is  finding  application  in  the  anu  lysis  of  the 
excited  electron  states  of  metals,  semiconductors,  and  solid 
surfaces.  The  overall  energy  resolution  of  the  spectrometer 
was  --0.7  eV,  as  determined  from  the  experimental  width  of 
the  Fe'mi  level  cutoff  in  the  BIS  spectra  from  Mn  or  Au 
thick  films  evaporated  in  situ  on  the  sample. 

Photoemission  measurements  were  performed^at  the 
Synchrotron  Radiation  Center  of  the  University  of  Wiscon- 
sin-Madison.  Monochromatic  synchrotron  radiation  ob¬ 
tained  using  a  3-m  toroidal  grating  monochromator  and  the 
8(X)-MeV  electron  storage  ring  Aladdin  was  focused  on  the 
sample  at  an  angle  of  —45*  from  the  sample  normal.  Angu¬ 
lar  integrated  photoelectron  energy  distribution  curves 
(EDC*  )  were  obtained  for  40<Av<120  eV  by  means  of  a 
commercial  hemispherical  energy  analyzer.  The  overall  en¬ 
ergy  resolution  (0. 15-0.45  eV)  and  the  position  of  the  Fermi 
level  were  measured  with  the  same  method  employed  in  the 
BIS  experiment. 

III.  RESULTS  AND  DISCUSSION 
A*  Valence  band 

The  use  of  synchrotron  radiation  photoemission  allows 
one  to  choose  phoron  energies  in  the  region  of  the  Mn 
3p^3d  transition  and  examine  the  Mn  3d  contribution  to 
the  valence  bands.  Resonant  photcemission  at  the  Mn  3p-3d 
threshold  yields  a  characieristic  enhancement  of  the  3d  cross 
sectirn  at  resonance  (50  eV )  versus  anliresonance  (47  eV) 
that  reflects  the  quantum-mechanical  equivalence  of  differ¬ 
ent  processes  leading  from  the  ground  slate  to  the  same  final 
Slate.  We  pioneered  the  use  of  this  method  to  examine  ter¬ 
nary  semimagnelic  semiconductors, and  more  recently  the 
same  method  has  been  applied  by  us  and  by  other  authors  to 
Cd, ,  One  process  is  the  direct  excilaiion: 

3p^3d^H{sp)‘  -f  hv’^3p*'3d'*4[sp)^e/. 

The  second  process  involves  a  3p  core  excitation  and  a  super 
Cosier-Kronig  decay: 

3p^3dH(spf  -f  hv-^3p^3d*^A{sp)-^3p^3d^{sp)'e/. 

The  interference  of  the  two  processes  yields  a  characieristic 
Fano  line  shape  in  the  overall  excitaiion  cross  section. 

Two  methods  used  to  analyze  ilie  3d  contribution  to  the 
valence  density  of  stales  (DOS)  invo’ve  ternary-binary  va¬ 
lence-band  EDC  difference  curves'  and  resonance-aniiie- 
sonaiice  EDC  di-fierence  curves."*  In  Fig.  i(a)  we  show  an 
application  of  the  first  method  to  a  Cdi,5<Mnt,4«,Te  alloy 
Speci.d  for  the  lernary  alloy  and  for  CdTe  at  iCvonancc 
(hv  =  50  e\‘)  have  been  normalized  to  the  integrate  J  inten- 
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Fig  I  (a)  Ternary-binary'  dlfTerencc  curve  for  the  \alcnce'band  emis¬ 
sion  of  Cd,.*.  Mn^^jTe-CdTe  at  the  Mn  rcsonan* ;  (/n-  =  50  eV). 

(b)  Resona.'  c-anliresoiiancc  difference  cur\e  (/:i  -  50  und  47  cV)  for 
Cd„**Mn„j.Te emphasizing  ihe  Mn  coninbuiiou  loUu*  ^a.cace  band 

(c)  Resonance-aniircsonancedifTercncecurxc  (/»•=  50  an.*  47  eV)  for 
Cd„MtMn<,j„Te.  (d)  Theorctic.'il  /-projecied  donsjiyofsini.-  showing  ihe 
Mn  }ei  character  m  antifcrromagnctic  znic-blend*'  Xli*Tc  The  ground 
staiv  corresponds  to  a  Mn  configuration  clove  w»  id  ){  p\)  ( — ). 
Bro:*  *cning  uiih  a  Gaussian  instrumental  u  v.  ^  ^unciion  ,  -  -  facili¬ 
tates  comparison  with  experiment  (e)  .Mn  .k  charackr  in  amiferromag- 
netic  zinc-bicnde  MnTe  for  the  (d  i )  V  configuraiioi.  (.0  Configuraron 
interaction  calculations  of  the  photoemission  final  states  for  a  Mnl  e^ 
cluster,  from  Ref.  4. 


sily  of  (he  Cd  4d  cores  .scaled  by  a  ( 1  —  ;c)  factor  derived 
from  x-ray  microprobe  analysts,  and  subtracted  fiom  each 
other.  The  binding  enerr:es  in  rig.  I  (a)  arc  referred  to  the 
top  of  the  valence-band  maximum  £,  as  de: .  ed  from  a  lin¬ 
ear  extrapolation  of  the  \  aience-bano  edge.  Tne  dip  in  :he  9- 
1 1  eV  region  reflects  the  variation  in  the  absolute  intensity  of 
the  Cd  4d  emission  going  from  the  ternary  alloy  to  the  bina¬ 
ry  We  did  not  perform  a  subtraction  of  the  secon  Jar*  back¬ 
ground  since  .sue*  a  process  yield'  arb-truy  sariatAV'  «i  the 
relaiis  e  intensity  of  the  features  iti  the  0-9  e  V  rangv  It.  Figs 
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1(b)  and  Wc)  \\t  applications  of  reso  mcc-antire- 
sonance  difference  curve  method  to  Cdo^^Mn^^^Te  and 
CdosoMno2oTe  samples*  respectively.  Such  spectra  have 
been  obtained  from  EDC*s  at  resonance  =  50  cV)  and 
antiresonance  {hv  47  c\’)  after  normalization  of  the  spec¬ 
tra  to  the  integrated  Cd  4r/  intensity.  Such  a  ih  rmaiization 
dues  not  take  into  account  the  variation  with  photon  energy 
of  the  Cd  4(i  and  of  the  Te  5.?  emission*  both  present  in  the9- 
1 1  eV  binding-energy  range,  or  the  small  modulation  in  the 
relative  intensity  of  the  Cd  4d  surfiice/bulk  components,  or 
the  varying  experimental  resolution*  which  produce  features 
in  the  difference  curves  in  ihe  9.5-12  eV  binding-energy 
range. 

The  different  criteria  for  normalization  notwithstanding, 
Figs.  l(a)-l  (c)  are  remarkably  consistent.  The  Mn  3r/ con¬ 
tribution  gives  rise  to  a  dominant  emission  feature  3.5  eV 
below  a  smaller  iow-binding-energy  shoulder  in  the  0-2 
eV  range,  and  a  broad  satellite  in  the  6-9  range.  The  results 
ofFigs.  1(b)  and  Ko)  are  in  agreement  with  ihoseofRefs.4 
and  21,  and  similar  to  what  has  been  found  for  the  selenide 
and  sulfide  senes.'*’’’ The  lack  of  an  important  concentration 
dependence  of  the  .Mn  3f/  features  suggests  that  they  mostly 
reflect  the  constant  Mn-Te  bonding  situation.'*’’' 

Previous  local  density  functional  and  tight-binding  calcu¬ 
lations  of  the  3d  contribution  to  the  valence  staies^’*'*’*^’’'*  for 
MnTe  and  Cd,  „  ,  Mii/fe  alloys  showed  only  limited  agree¬ 
ment  with  photoem^sion  results.  This,  together  with  the  in¬ 
terpretation  of  optical  data,^  suggested  that  large  final-state 
effects  might  be  present,  and  stimulated  the  introduction  of 
the  oonfigu.''ation  interaction  cluster  model  by  Fujimori  and 
co-workers.^  This  semiempirr’al  model  can  address  the 
screening  of  the  3d  hole,  but  cannot  incorporate  directly  Mn 
3t/-Te  5p  hybridization  effects  in  the  initial  state.  We  have 
performed  new  spin-unrestricted  local-density  calculations 
of  the  band  'ilruciure  of  antiferromagnetic  zinc  blende 
MnTe.  Recent  extended  x-ray  absorption  fine-structure 
(EXAFS)  studies*  indicate  that  such  a  hypothetical  com¬ 
pound  should  reflect  the  same  Mn-Te  local  coordination 
found  in  the  ternary  alloys.  The  lack  of  a  strong  compo*  ;:on 
dependence  in  the  results  of  Fig.  1  suggests  that  the  3^  con¬ 
tribution  to  the  electronic  structure  should  also  be  relatively 
similar  in  the  ternary  alloy  and  in  the  binary  parent  com¬ 
pound. 

Our  electronic  structure  calculations  employed  a  spin-un¬ 
restricted  '--space  pseudofunction  method  in  the  local  den¬ 
sity  approximation.  Details  on  the  method  and  a  complete 
discussion  of  the  results  will  be  given  in  a  longer  forthcoming 
paper.’^  Wc  found  that  the  ground  slate  of  system  is  an  anti- 
ferromagnetic  pha.seof  ^InTe  where  the  Mn  atomic  configu¬ 
ration  is  close  to  (d  As\){  p\),  as  predicted  by  Hund’s 
rule.  Relaiuc  to  the  customary  (d  f)''{5)‘  state,  the  spin 
maximizaii  'P.  -nli.tnces  the  super-e.xchange  interaction  and 
modifies  the  Mn  'r/  and  Te  s  binding  energies.  We  show  m 
Fig.  1(d)  th.  ppMCctcd  }d  density  of  states  for  the  ground 
stale  ofMnTj  (solid  line).  We  also  show  (dashed  line)  the 
same  results  convoluted  with  a  Gaussian  (cr  =  0.30  eV)  to 
account  for  the  effect  of  the  experimental  energy  re.solution. 
The  agreement  between  theory  and  experiment  is  remark¬ 
able  If  ue  focus  on  Fig.  1  (a),  i  e.*  on  the  spectrum  obtained 


with  the  more  accurate  ternary /binary  normalization  proce¬ 
dure,  3d  features  are  observed  at  0.7,  1.6,  and  3.5  eV.  Corre¬ 
spondingly,  the  onc-clectron  calculations  forecast  3d  fea¬ 
tures  .'t  O.S,  1.6*  and  3.5  eV  (Fig.  I(d)l.  Oni>  the  broad 
sateliite  m  the  6-9  eV  range  is  not  accounted  for  in  the  calcu¬ 
lations. 

To  examine  the  importance  of  the  Mn  electronic  configu¬ 
ration  and  of  the  resulting  additional  spin  polarization  of 
\**!ence  and  conduction  bands,  we  calculated  a  MnTe  elec¬ 
tronic  structure  in  which  restriction  of  the  basis  set  and  spin 
polarization  yielded  a  Mn  ground-Niate  eR^.troi:  configura¬ 
tion  closer  to  {d  ;  )\5r)(j:).with  .some  contribution  from 
the  (^  r)*^(.s! )( /7i),  (^/  r  )"(jri }(  )*  and  (c/ ; )'(  pi )(  /?! ) 

configurations.  The  resulting  Mn  3r/ character  is  shown  in 
Fig.  1(e).  The  results  of  Fiv:  i(e)  are  similar  to  those  of 
previous  calculations.^'-’  w  iiicn  forecast  a  major  37  feature  at 
2.4  eV  that  is  not  observed  e.xpeninenially.  The  discrepancy 
between  our  results  for  the  ground  state  and  those  of  earlier 
calculations  will  be  discu.vsed  in  detail  m  a  forthcoming  pa¬ 
per.  but  we  anticipate  here  that  the  increased  .otal  spin  m  our 
results  allows  a  simple  explanation  of  the  anomalous  Curie 
temperature  ob.ser\ed  in  Cd,  ^  ,.Mn,Te  alloys.'** 

The  origin  of  the  6-9  eV  satellite  is.  in  our  opinion,  still 
controversial.  Only  the  calculations  by  Fujimori*  provide 
structure  in  this  :>pectrai  region.  In  Fig.  1(f)  we  plot  the 
result  of  the  configuration  interaction  calculation  for  a 
MiiTeJ  "  cluster  from  Ref.  4.  The  multiplet  lines  derive  from 
d  ■*  and  d  final-state  components*  corresponding  to  an  un¬ 
screened  3d  hole  or  to  a  3d  hole  screened  by  charge  tiansfer 
from  a  Te  5p-derived  ligand  orbital!  (-ora)  to  a. /orbital 
{e^  or  ).  Comparison  of  Fig.  1(f)  with  Figs.  1  a)- 1(c) 
shows  good  agreement*  and,  in  fact,  the  addition  of  lifetime 
and  experimental  broadening*  yields  a  perfect  reproduction 
ofthe  experimental  results  of  Figs.  1(b)  and  1(c).  How'ever, 
the  model  of  Ref.  4  is  semiempirical,  in  the  sensL  that  the 
energy  differences  between  the  final-state  configurations  and 
the  lifetime  paramelers  m  Fig.  1(f)  are  uoi  known  a  priori, 
but  are  fi.xed  through  comparison  with  e.xperimeni. 

The  cluster  model  does  forecast  a  6-9  eV  satelme  mostly 
due  to  the  unscreened  d'^  final  state.  It  is  not  clear,  however, 
why  an  unscreened  satellite  of  this  kind  would  e.xhibit  a  rela¬ 
tive  intensity  increasing  with  Mn  concentraiion,  as  observed 
in  Fig.  I  and  in  a  recent  study  of  the  electronic  strucrure  of 
metasiable  Cd, .  ,Mn^Te  alloys  formed  in  a  wide  range  of 
composition  through  reaction  of  Mn  ihm  film  with 
CdTe(  1 10).  We  find  that  the  miensity  ofthe  satellite  relative 
to  the  main  Mn  3d  3.5-eV  taiurc  increases  as  C  x,  w'lth 
C  =  0.50x0.05  in  the  composition  range  explored  (0 
<a-<0.95).’’  At  this  stage  the  specific  origin  of  the  satellite 
remains  to  be  ascertained,  although  one  can  state  in  general 
that  m  a  band  structure  picmre  the  0  6-.  1.S-.  and  3.5-eV 
feature!),  should  be  assigned  to  a  fully  screened  one-electron 
final  stale  while  the  6-9  ev'  features  should  be  associated 
with  a  muliielectron  satellite  analogous  to  the  one  observed 
at  about  the  same  energy  in  MnO“^  and  NiO,’^ 

8.  Core  level  deconvolution 

Another  crucial  test  of  first  principle  calculat.ons  for  ter¬ 
nary  semimagneiic  semiconductors  appears  the  influence  of 
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Fig  2  (a)  EDCs for  ihc  Cd  and  Tc  Sj emission  from  Cd,  _  ,Mn^Te 
(^  =  0,  0.20,  0  45.  and  0.60)  ai  Ar=s60  eV  for  all  samples  except 
Cdo4o*MnotoT'c  (Avrs  57  eV).  (b)  Least-  square  ( — )  of  the  expen- 
mental  EDC  for  CdTe  (•)  m  the  7-13  eV  range  Tv^o  Cd  doublet 
shifted  0  bb  cV  from  each  other  reflect  surface  and  bulk  Ad  compvnients 
(c)  Te  55  contribution  to  the  EDC  for  CdTe  in  Figs.  2ia)-2(b>  after 
subtraction  of  the  Cu  4if  contnhuiion  from  the  overall  spectrum  t  A  ;  For 
companson  \^e  shovK  the  result  of  a  least -squares  fa  m  terms  of  a  Lorent- 
2ial  function  convoluted  wah  a  Gaussian  ( — )  t.d)  Te  55  contribution  to 
the  EDC  for  Cu Miv,;„Te  in  Fig  2(a),  after  subtraction  of  the  Cd  Ad 
contribution  from  the  overall  spectrum  c)  Te  5?  contribution  to  the 
EDCfor  Cd^^Mrio^Tc  in  Fig  2(a),  after  -  .raciion  of  theCd  4if  contn- 
buiion  from  the  overall  spectrum  ( f  *  Culcuiuied  Te  5t  line  shape  for  the 
(</  o'f  j: )( p; )  ( — )  and  (r/  * )  V  (  -  -  -  )  conn^iaraihiiiol  Mn  inaniiferro- 
magnetic  zmc-blende  Mn  fc 


super-exchange  on  the  Te  5^  states.  Comparison  of  our  cal¬ 
culations  with  and  without  full  spin  polarization,  shows  ma¬ 
jor  differences  in  the  predicted  Te  5s  line  shape.  The  results 
are  shown  in  the  bottom-most  section  of  Fig.  2.  For  the  re¬ 
duced  spin  polarization  in  the  (d  t  )V  case  (dashed  line), 
theory  predicts  a  single  Te  5^  feature  located  >ome  1 1.5  eV 
below  £, ,  with  a  bandwidth  of  —0.5  eV.  When  the.s,'’  polar¬ 
ization  is  correctly  taken  into  account  (solid  line)  theory 
predicts  a  5s  band  some  1.5  eV  wide,  shifted  to  higher  bind¬ 
ing  energy  and  exhibiting  structure  at  12.7,  13.2,  and  13,6. 
The  polarization  of  the  Mn  sp  electrons  in  our  results  yields  a 
larger  super-exchange  interaction  and  a  corresponding  in¬ 
crease  in  dispersion  and  binding  eneiyy  of  the  Te  55’  states. 
This  effect  contributes  substantially  to  stabilize  the  Mn 
{d  T)^(5i )(/?!)  ground-state  connguration."''  As  was  the 
case  for  the  DOS,  the  results  of  earlier  calculations^*^**^’"'*  are 
similar  to  those  we  obtained  fora  (d  :)V-like  configuration 
for  Mn  in  MnTe, 

The  Te  55  line-shape  characteristic  of  the  spin-polarized 
(rf  t  )^(5T )( /7? )  ground-state  configuration  appears  to  be 
the  one  we  observe,  althougii  comparisvin  with  experiment  is 
complicated  by  the  partial  superposition  ofTc  55 and  Cd  Ad 
states  in  the  photoemission  speatra.  In  Figs.  2(a)  and  2(b) 
we  show  photoemission  spectra  in  the  9-1 3  eV  binding  ener¬ 
gy  region  for  Cd,  _ ^^Mn^^Te  alloys  wnii  ;c  =  0,  0.20,  0.45, 
and  0.60  and  hv  =  60  eV  (57  eV  for  CdQ4oMa,^^Te).  The 
spectra  have  been  normalized  to  the  integrated  intensity  of 
the  Cd  Ad  cores  scaled  by  the  Cd  concentration  ( 1  —  a:)  as 
determined  from  x-ray  microprobe  analysis.  The  experimen¬ 
tal  EDC*s  in  Fig.  2(a)  show  a  bro*d  low-binding-energy 
shoulder  at  ~9.35  eV  that  reflects  the  Te  5s  emis.sion  and 
exhibits  a  complex  dependence  on  the  Mn  content  x  of  the 
alloy.  In  Fig.  2(b)  we  show  a  deconvolution  of  the  Cd  Ad 
contribution  in  CdTe.  A  least-squares  fit  (solid  line)  to  the 
experimental  EDC  (solid  circles)  was  obtained  in  terms  of 
two  Ad  doublets  (dashed  lines)  shifted  0.65  relative  to  each 
other.  The  high-binding-energy  .doublet  was  recently  ob¬ 
served  by  John  et  alr^  and  a.ssociated  with  a  surface  shift  of 
the  Ad  line.  John  et  associated  the  Te  5.^  feature  with  a 
second  Cd  Ad  surface  component  shifted  in  the  opposite  di¬ 
rection.  Although  this  suggestion  and  the  arguments  pro¬ 
vided  to  support  it  are  quite  ingenious,  the  Te  5s  feature 
exhibits  a  cross  section  markedly  difierent  from  that  of  the 
two  Cd  Ad  doublets,  a  lack  of  escape  depth  .itivity  that 
rules  out  a  surface-related  character,  and  a.n  x  dependence  in 
the  ternary  alloy  that  rules  out  a  Cd-rc!aied  oiigin.^^ 

In  the  fitting  procedure  of  F:g.  2(b)  each  Ad  doublet  was 
obtained  through  convolution  of  Loren:7*an  line  shapes  with 
a  Gaussian  function  to  account  for  the  experimental  resolu¬ 
tion  Binding  energy,  width,  iiiteiisiiv  branching  ratio,  and 
spin-orbit  splitting  of  the  doublets  \vere  all  determined  by 
the  least-squares  fitting  program,  and  are  ni  goi>d  agreement, 
within  experimental  uncertaint\,’‘  with  .nose  derived  by 
John  cl  alr^  The  two  Ad  doublets  obtained  were  then  sub¬ 
tracted  from  the  overall  EDC  ir  isolate  the  Te  5i  coninbu- 
iion.  shown  in  Fig  2»  c)  (solid  triangles)  The  experimental 
Te  55  contribution  in  the  binar\  compound  is  compellmgly 
similar  U)  the  one  predicted  b>  iheo.  v  f,  ,  Jielcu  spin  polar¬ 
ization,  low  super-exchange  (d  r )  V  c:^^e,  showing  a  single 
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emission  .cature  centered  x»me  9.35  eV  below  £*,.  (theory: 
i  1.5  eV).  If  we  now  use  th:  jilting  parameters  obtained  for 
CdTe  and,  neglecting  ailoy  broadening,  scale  down  the  Cd 
contribution  by  ( I  —  .v ).  we  can  subtract ''  the  Cd  com  ;bu- 
tion  from  the  ternary  alloy  EDC*sorFig,  2(a).  We  show  the 
result  for  Cd.,s(,Mn  ^oTeand  Cd,  .pMnou^Te  in  Figs.  2(d) 
and  2(e),  respectiv.  ’y.  The  Te  5.  hne  in  the  ternary  alloy 
e.\hibiis  a  shift  to  ingn  bmding  energy  relative  to  the  binary, 
an  inc’Case  in  banciwidin  and  the  emergence  of  three  major 
emissic'i;  features.  For  Cdo4,)Mnoe>,>Te  structure  is  observed 
at  9.6,  iO.3  and  1 1  eV,  a  ith  a  total  5j  bandwidth  of —  2.5  eV. 
This  is  in  good  agreemer.i  with  the  general  trend  e.xpecied 
from  our  calculations.  Tne  calculations,  however,  appear  to 
overestimate  the  actual  binding  energy  of  the  major  Te  5s 
band  features. 
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Fig  3  ta)  Hrcm\^lrahlung  i^«K.hronia.  lUIS)  ■^petlra  iVom  CdTe  i#! 
and  Cd.M.Mn.  .s»Tc  (I.)  The  wonduciion-band  niminum  £,  is  0  9  eS 
above  ihe  remvi  level  E,  for  CdTe.  \  2  eV  for  Cd .  *  .Miv, .  Te.  ( o )  A  diiTer* 
eiice  curve  (C)  derived  from  ihe  BIS  spectra  of  Fig  3(a)  is  compared 
wuh  ihc  resull  of  hv..il  densiiv  functional  calculations  of  the  total  density 
of  stater,  above  ( — )  for  amiferromaunetic  zinc -blende  \lnTe.  The 
theorciicai  spectrum  hvis  been  ngidh  shifted  to  align  the  calculated  fea¬ 
tures  ( verti.ul  bars)  to  the  evpenmenial  ones  •  c)  Theoretical  total  den¬ 
sity  of  stales  for  anliferromagrenw  /OK  hivude  MnTe  where  Mn  is  m  the 
artificial  low -spin  vcf  * )  V  configuration 


C.  Cone  jction-band  states 

The  nature  of  the  contribution  to  the  density  of  states 
above  £,.  and  the  value  of  the  Coulomb  correlation  energy  In 
ternary  semimagnetic  semiconductors  has  been  quite  con¬ 
troversial.  ‘  In  Fig.  3(a)  we  show  BIS  spectra  for  CdTe  a.nd 
Cd,>>.„Mn,,  :oTein  the  0-1 6  eV  energy  range  above  the  Fermi 
level  £/•.  The  position  of  £/  at  the  surface  was  0.62  ~  0. 1  o V 
and  0.75+0.1  eV  above  the  valence-baiui  rna.ximum  for 
Cda  j,,»Mno2*vTe  and  CdTe,  respectively.  F.  ;ch  spectrum  in 
Fig.  3 (a)  was  obtained  as  the  sum  ofsev\r*:l  quantitatively 
consist :u  spectra  from  differert  cleaves,  aiu!  corresponds  to 
a  total  of  some  150  h  of  data  integration  with  a  primary 
electron  beam  cui-eit  of  about  — 200  ;^*\.  Electron-beam 
induced  contamination  was  avoided  by  obtaining  a  new 
cleave  every  6-8  h.  Although  special  care  was  taken  to  ob¬ 
tain  reli  ible  contacts  on  each  single  crystal  with  indium  and 
conductive  epo.xy.  charging  etfects  were  observed  for  all 
samples  with  av0,45.  Wo  were  able  to  obtain  reliable  data 
for  samples  with  .x  —  0,  0.20,  and  0.35. 

In  Fig.  3(a)  the  BIS  st^ctrum  for  CdTe  (solid  circles) 
shows  structure  at  4,0.  a. 7,  and  9  eV  above  £^,  superim¬ 
posed  on  a  smoothly  increasing  secondary  photon  back¬ 
ground  deriving  from  the  decay  of  ineiastically  scattered 
electrons.  The  spectrum  for  Cdoso^^^ozoTe  (open  triangle) 
was  normalized  for  comparison  to  tlie  6,7-eV  DOS  feature  of 
CdTe.*  *  A  difference  curve  was  obtained  from  the  two  spec¬ 
tra  and  is  shown  in  an  e.xpanded  scale  (open  squares)  in  Fig. 
3(b).  Results  for  the  a  =  0.35  alloy  are  qualitatively  consis¬ 
tent  with  those  'or  the  a  =  0.20  alloys  and  are  not  presented 
here.*^  The  conduction-band  minimum  e.xpected  at  0.90 
eV  for  CdTe  and  at  1 .2  eV  for  Cdg  so  zoTe,*^  is  seen  in  Fig. 
3(a)  as  the  end  point  of  a  tailing  of  states  e.xtending  from  2.3 
to  — 1.0  eV. 

New  Mn-Te  related  features  in  the  ternary  alloys  are  ob¬ 
served  in  Fig.  3(b)  at  4.2,  10.2,  12.2,  and  13.8  eV  (open 
squares).  Analogous  features  are  observed  for  the  .v  =  0.35 
alloy.^^  An  interpretation  of  those  features  is  provided  by  the 
results  of  our  p.seudofunction  local  density  calculations.  We 
show  in  Fig.  3  ^  c )  ( 'ohd  line )  the  total  DOS  above  Ef  for  the 
antiferromagneiic  zinc-blende  ground  state  of  MnTe.  For 
comparison  we  also  give  in  Fig.  3  ( c )  the  analogous  result  for 
the  reduced  spin-polarization  Mn(zf  oVea'^^.  The  calculat¬ 
ed  total  DOS  has  been  rigidly  diifted  to  higher  binding  ener¬ 
gy  to  align  the  main  spectral  features  (vertical  bars  in  Fig. 
3(b) )  to  those  observed  experimentally,  in  accord  with  the 
usual  practice  of  local-density  the.  'v.^'**  We  observe  a  com¬ 
pelling  correspondence  between  rheoreiical  and  experimen¬ 
tal  features,  /-projection  of  the  theo^'etical  DOS  allows  us  to 
identify  the  main  4.2-eV  feature  as  Mn  3z/-den\ed.  and  :he 
emission  features  at  10.2,  12.2.  and  1 3.8  eV  as  primarily  asso¬ 
ciated  with  Mn p  states  with  some  admt.xiure  of Tc/;  charac¬ 
ter.  We  foul  d  no  evidence  ofr/-re!ated  emission  in  the  gap. 
Upon  deposition  of  3  .A  of  unreacted  .Mn  on  the  cleaved 
surface,  we  clearly  detected  dominant  3t/emi.ssion  in  tl*  *  gap 
and  the  formation  of  a  Fermi  cutoff,  demonstrating,  that  our 
experimental  sensiiivuy  would  h  oebeen  sufficient  :o  detect 
Mn  3(/  states  in  the  gap.  if  present.''  " 

We  can  now  estimate  the  d  •-</.  exchange  splitting  from 
the  photoemission-  and  BlS-determined  position  of  the  main 
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Mn  features  and  the  position  of  the  Fermi  level.  We  ob¬ 
tain  an  exchange  splitting  of  3.5  —  0.7  —  4.2  =  8.4  0.4  eV. 

Recent  first-principle  calculations  for  ^1* 

loys’  predicted  a  Mn  3d  t  band  only  some  2,5  eV  below 
and  ash^rp  di  feature  within  2  eV  from  E, .  with  a  resulting 
d  l-rfl  splitting  of  4.5  eV.  Localized  mufiin-lin  orbital  calcu¬ 
lations  foi  aniifcrromagneiic  zinc-bicnde  MnTe  by  Podgor- 
ny’’  yielded  a  value  of  4  to  4.5  eV  for  the  d  :-d\  splitting. 
Earlier  calculations  for  paramagnetic  zinc-blcnde  MnTe  b\ 
'Masek  ci  alr^  yielded  a  slightly  larger  value  (5.5  eV).  All  of 
the  calculated  \  nlues  are  substantialh  lower  than  our  experi¬ 
mental  value  of  8.4  ±  0  4  eV  or  our  calculated  value  of  6.8 
eV,  which  is  24%  too  low.  In  the  case  of  Mn  atoms  in  AgMn 
intermctallics/'  the  experimental  splitting  between  major¬ 
ity-  and  minority-spin  states  wa'«  also  found  larger  (50%) 
than  the  value  obtained  from  first-principle  calculations  (3.5 
eV). 

Better  agreement  is  encountered  with  the  results  of  earlier 
semiempirical  calculations.  Tight-binding  semiempirical  co¬ 
herent  potential  approximation  (CPA)  calculations  for 
Cd,,,Mnj,Te  (x  =  0.3  and  0.")  by  Eherenreich  et  al^ 
fixed  the  position  of  the  d\  slater  3.5  eV  above  order  to 
account  fi***  structure  in  the  optical  spectrum  of  the  alloy 
relative  to  CdTe.-^’  This,  together  with  the  photoemission- 
determined  d  t  position  3.5  eV  below  yields  a  value  of  7 
eV  for  the  exchange  splitting,  similar  to  the  result  of  6.8  eV 
that  we  obtain  from  our  one-electron  calculations  after  re¬ 
normalization  ofthe5-/?b.ind  gap  to  the  experimental  trans¬ 
port  value  of  3.2  eV.  The  semiempirical  cluster  n^ode!  by 
Fujimori'*  fixed  the  value  of  the  Coulomb  correlaiic'i  energy 
to  --  8  eV  in  order  to  fit  the  experimental  photoemission  data 
(see  Fig,  1  (f) ).  Such  a  value  is  in  good  agreement  with  our 
BIS  results,  and  is  of  the  same  order  of  magnitude  as  those 
assumed  for  Moll  insulators  such  as  M nO  ( 9  eV  for  which 
local  density  functional  calculations  also  systematically  un¬ 
derestimate  band  gap  and  d  t-rfiSplitting. 

A  c^*mparison  of  our  results  with  optical  data  should  iden¬ 
tify  iransitions  from  sp  valence-band  states  to  the  unoccu¬ 
pied  d  states,  that  our  BIS  study  puts  4.S  —  0.3  oN'  above  the 
valence-band  maximum  £,..  In  fact.  ‘Structure  at  4.^  eV  has 
been  observed  in  ellipsomeiry  siud.es  of  Cd, 
and  Kendlewicz'^  has  recently  interpreted  structure  at  4.5 
cV  in  refiecliviiy  measurements  as  deriMiv.  from  sp-*di 
transitions  Our  uork  ciearlx  supports  ihi.s  mierpreiation  of 
the  op*:cal  specira,  and  the  contention  of  that 

the  optical  siru;:ure  at  lower  binding  'uergy  (2.2  eV) 
should  be  explained  in  terms  of  standard  mlerband  transi¬ 
tion  in  zinc-blende  semiconductors  or  Mn*'  e.xciioniclike 
excitations  that  do  not  appear  in  band-siri  ::ure  calcula¬ 
tions,  rather  tha.n  n.  lermsofj/?— transitions  or  ^-o^e.xciia- 
lions.*' 

IV.  CONCLUSIONS 

Ou»  photociaivsion  inv.r'^e  nhoio^nnssion  measure- 
mcntsufCd, .  ,.\ln,Tcallo\s,  logeiher  with  nev^  local  den¬ 
sity  functional  calculations  of  the  .round  stale  of  MnTe  rule 
out  the  large  final-state  effects  oruc  iouglu  necessar>  to 
explain  the  discrepancies  between  :heor\  ana  phoioemisvion 
e.xpenmenis  The  BIS  ieJunqu<.  ;  -ovided  the  first  direct 


experimental  determination  of  the  position  of  (he  d  i  stales  in 
a  ternary  semimagnetic  .semiconductor.  The  value  of 
4.8  ±  0.3  eV  for  ihe  position  of  thecal  band  is  consistent  with 
early  interpretations  of  the  optical  data  which  recently  came 
under  criticism  on  the  basis  of  presumed  discrepancies 
between  phoioemis.sion  and  opiical  results,  and  photoemis¬ 
sion  and  local  density  funciionai  I..^uUs.  c  find  no  evidence 
of  such  dNcrepancies  in  our  rc'^ults.  From  phoioemission 
and  BIS  data  we  determined  a  value  of  8.4  -  0.4  cV  for  (he 
d  \-di  exchange  spliiiing.  of  the  same  order  of  magnitude  as 
those  assumed  for  Mott  insulators,  and  alnv  ■  4  twace  as  large 
as  those  predicted  from  earlier  local  densnv  calculations, 
Finalh.  theory  and  experiments  indicate  that  Mn  in 
Cd,  _^Mn,Te  ad  apts  a  spin  polarized  ground  state  with  a 
(d  1  )'(xt )(  /7t  )-like  configuration  in  the  solid,  a  result  that 
has  important  implications  in  our  modeling  of  the  magneto- 
transport  and  magnelo-Oi  iical  properties  of  these  material. 
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*'.A  best  fit  in  the  .'<-13 1\’  range  was  obtained  for  ;he  following  values  of  the 
fitting  parameter,  (wc  gise  in  parenthesis  for  comparison  the  values  de¬ 
rived  by  John  a  a/.-').-  Lorentzu:.  full  width  at  half-maximum 
(FWHM)  =0.25  eV  (0.21  eV).  Gaussian  FWH.M  =0.473  eV  (0  44 
eV),  spin -orbit  splitting  0.66  eV  (0.69  cV);  branching  ratio  =0.666 
(0.65S)  urface/bulk  ratio  =  0  13  (0  63,  fordifiTcrent  surfaceonemation 
after  ion  bombardment):  surface  shift  =  0.66  eV  (0  57  eV), 

'*A  scale  factor  to  normalize  EDC's  from  one  cleave  relative  to  another 
cleave  can  be  obtained  from  (he  Mn  3t/ emission  intensity  scaled  by  the 
concentration  from  the  Tc  4c/ core  emission, '  -r  assuming  that  the  total 
integrated  Te  5?  emission  remains  unchanged  m  the  allov  series.  All  of 
these  methods  \  leld  results  qualitatively  consistent  for  the  Te  5y  line  shape 
in  Figs.  2(c).  2(d),  and  2(e) 

"These  results  are  m  agreement  with  those  of  BIS  investigation  at  ultravio¬ 
let  energies  of  Cd,  .Mn/Pe  alloys  and  Mn-CdTe(  1 10)  interface  reac¬ 
tion.  See  \  Wall.  A.  Franciosi,  and  B,  Rcihl  (unpublished). 

"However,  the  rigid  shift  used  in  Fig  3  is  some  1.6  cV  higher  than  what 
would  be  necessary  to  align  the  calculated  s-p  band  gap  to  the  value  of  3  2 
eV  expected  for  the  gap  of  MnTc  { Ref.  7). 
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By  incorporating  a  II-VI  semiconductor  into  a  strained-layer  superiattice,  it  should  be  possible 
to  overcome  the  effects  of  deep  hole  traps  near  the  valence-band  edge  and  hence  to  dope  the 
semiconductor  p  type  in  many  cases.  This  idea  is  illustrated  for  CdTe/ZnTe  superlatlices. 


1.  INTRODUCTION 

For  many  years,  efforts  to  fabricate  efficient  light  emit¬ 
ters,  lasers,  and  other  optica!  devices  from  large-band-gap 
(green  to  ultraviolet)  II-VI  semiconductors  have  been  frus¬ 
trated  by  the  resistance  of  these  materials  to  doping,  espe¬ 
cially  /7-type  doping.  There  appear  to  be  four  main  explana¬ 
tions  that  have  been  given  for  this  problem:  (i) 
Self-compensation;  common  dopants,  such  as  column-I  im¬ 
purities.  are  believed  to  simultaneously  produce  anion  va¬ 
cancies  when  they  occup;  column-II  sites,  and  the  vacancies 
compensate  the  dopants',  (ii)  large  acceptor  binding  ener¬ 
gies:  because  of  the  large  effective  masses  (typically 
m*:::  1.35/no  for  CdS)  and  small  dielectric  constants 
(kz:S  9),  the  acceptor  binding  energies, =  13.6cV  {m*/ 
m^yr)  are  often  60-200  meV  vs  10-60  meV  for  me  more 
common  III-V  and  group-IV  semiconductor  materials,  and 
hence  the  acceptors  are  less  easily  thermally  ionized'  ^  (lii) 
low  incorporation  probabilities;  for  reasons  that  are  not 
presently  understood,  //-type  dopants  may  not  incorporate 
efficienily — recent  experiments^  suggest  that  this  incorpora¬ 
tion  can  be  dramatically  increased  by  phoioassisied  doping; 
and  (iv)  decp-ievel  formation:  impurities,  even  the  dopants 
themselves  in  some  cases,  form  deep  hole  traps  and  impurity 
energy  levels  in  the  gap  that  capture  any  free  holes. 

In  this  paper  we  focus  on  the  issue  of  deep-le\e!  forma¬ 
tion  and  prescribe  a  method  for  overcoming  the  eft'ects  of 
deep  hole  traps  that  are  moderately  close  to  the  \  alence-band 
maximum. 

Theories  of  column-V  impurities  :up>i  ing  co!u»nn-VI 
sites  in  II-VI  semiconductors  indicated  that,  for  the  wurtzite 
crystal  structure,  these  expected  shallow  dopants  often  pro¬ 
duce  deep  traps  instead,*^  but  in  the  zinc-blende  structure 
they  produce  shallow  acceptors.  The  observation  of  a  nitro¬ 
gen  level  100  meV  above  the  valence-band  maximum  of 
ZnSe  lent  supp'^'ri  to  the  theory.*'  Hence  small  changes  in  the 
local  environment  of  a  substitutional  impurity  are  perhaps 
sufficient  to  change  the  character  of  a  poieniial  p  dopan* 
from  a  shallow  ac^^eptor  which  provides  hole  carriers  and 
enhances /7-iype  conductivity  to  a  deep  impurity  which  traps 
holes  and  tends  to  make  the  material  scmi-insulatmg  rather 
than  p  type.  This  sensitivity  of  ii,ipuni\  cb.aracter  to  envi- 
lonment  suggests  that  .•  range  of  pertuibations  of  the  ho.si 
semiconductor  may  con\eri  a  deep  hole  trap  into  a  //-type 
dopant.  In  particular,  this  paper  discusses  the  possibility 
that  impurities  th..:  might  oihcrw  ise  produce  d.cp  hole  traps 


<0.25  eV  above  the  valence-band  maximum  of  their  host 
semiconductor  might  be  converted  into  //-type  dopants  by 
subjecting  the  host  semiconductor  to  strain  obtained  by 
incorporating  the  host  into  a  lattice-mismatched  superiat¬ 
tice.  For  example,  the  CdTe/ZnTe  superiattice  has  a  lattice 
mismatch  of  6.39c  (Refs.  6  and  7)  and  the  strain  in  the 
superiattice  can  cause  deep  hole  traps  in  the  unstrained 
smaller-gap  material,  CdTe,  to  become  shallow  acceptors  in 
the  superiattice. 

In  this  regard  we  note  that  acceptor  Ie\e!s  ir  CdTe  have 
been  reported  at  58.  59,  and  60  lnc^'  ab  vc  ilie  valence-band 
maximum  for  Li,  Na,  and  P,  as  well  as  *1  147  and  108  meV 
for  Cu  and  Ag.**  We  believe  that  the  Li  Na,  and  P  levels  are 
genuine  substitutional  shallow  accepttir  levels,  because  their 
energies  are  almost  equal,  the  small  differences  being  attrib¬ 
uted  to  central-cell  corrections.  We  identify  the  Cu  and  Ag 
levels  as  deep  levels  (\vith  qualitativeh  different  wave  func¬ 
tions  from  shallow  levels*')  that  lie  relaiiiCly  close  to  the 
valence  band  and  act  as  hole  traps.  Becaux,  the  strength  of 
the  ordinary  central-cell  potentials  foi  :  'dectrons  of  Cu  and 
Ag  are  intermediate  between  those  of  L* .  ud  Na  on  the  one 
hand  and  Pon  the  other,"*  we  belie\e  that  the  Cu  and  Ag 
energies  are  not  shallow  effective-mass  theory  energies. 
Therefore,  a  goal  of  the  present  theor\ ,  as  applied  to  CdTe,  is 
to  predict  the  layer  thicknesses  of  CJTc/  ZnTe  superlatlices 
in  which  the  L:',  Na,  and  P  lc*.els  remain  sImUow  (in  a  CdTe 
layer)  but  Cu  and  Ag  become  shallow  acceptors  rather  than 
deep  traps.  We  shall  see  that  this  .should  occur,  due  to  inter¬ 
nal  strain,  in  small-period  nAV,,!,  superlattices  for 
AcdTyA^,,^,.  <  1  in  the  case  of  (001  ]  superlaiuces. 

II.  QUALITATIVE  PHYSICS 

The  application  of  hydrostatic  prc'-sure  to  a  semicon¬ 
ductor  shifts  the  band  edges  with  rc.spect  to  nearby  deep 
levels."  Likewise  a  uniaxuil  stress  spins  the  valence-band 
edge  and  shifts  the  conduction-band  edge,  relat:\e  to  the 
energies  of  deep  levels.'’  Furthermore,  deep  ie\els  in  super¬ 
lattices.  crudely  speaking,  have  almost  tiic  same  absolute 
energies  as  in  the  bulk — but  the  b.md  edics  of  the  superiat¬ 
tice  are  significantly  perturbed  frv>m  tiiC  bull.  \alue.''"‘^ 
Thus,  i.i  a  crude  approMmation,  we  may  regard  the  deep 
energy  ie\s.ls  associated  with  impurities  as  almost  constant 
in  energy,  while  hydrostatic  pressuie.  unia.Mal  stress,  or 
quantum  confinement  in  a  supe^’lntiict  cause  the  semicon- 
duci^'/s  band  edgc'^  to  move  consid^’Mbij,  This  \iewpoint  is 
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illustrated  in  Fig.  1,  where  we  show  the  fundamental  band 
edges  of  CdTe  with  a  deep  trap  level,  and  illustrate  how  the 
band  edges  move  when  perturbed  (assuming  the  absolute 
deep-level  energy  does  not  change).  An  important  point  is 
that  when  the  valence-band  maximum  moves  up  enough  in 
energy  to  cover  the  deep  trap  level,  the  impurity  changes 
from  a  hole  trap  to  a  shallow  acceptor,  because  the  hole  is 
autoioni^ed,  and  bubbles  up  to  the  valence-band  maximum 
where  it  is  trapped  by  the  long-ranged  Coulmib  potential  of 
the  impurity.  (See  Fig.  I.)  Thus  by  “covering  up“  the  deep 
trap  levels  in  the  gap  with  the  valence  band,  it  is  possible  t? * 
convert  the  traps  into  shallow  acceptors  and  achieve  /?-type 
doping.  This  “covering  up“  is  termed  a  deep-to-shallow 
transition. 

Hydrostatic  pressure  causes  the  valence-band  maximum 
to  move  up  slightly  in  energy  while  the  conduction-band 
minimum  moves  up  even  more.  ‘  ‘  The  motion  of  the  valence- 
band  maximum  relative  to  the  deep  level  is  typically  of  mag¬ 
nitude  meV/kbar,“  and  so  hydro.static  pressured  can 
only  “cover  up“  deep  levels  >0. 1  eV  above  the  valence-band 
maximum,  even  if  the  pressures  p  are  very  large  (almost 
impractically  large):  /?>  100  kbar. 

Uniaxial  stress  can  be  more  effective  in  inducing  a  deep- 
to-shallow  transition  that  converts  a  deep  trap  to  a  shallow 
acceptor,  but  externally  applied  uniaxial  stresses  much 
greater  than  10  kbar  ordinarily  can  fracture  a  .semiconduc¬ 
tor.  Under  uniaxial  stress,  even  a  10-kbar  stress  can  covei  up 
levels  within  =r0.14  eV  of  the  v.'^lencc-band  maximum. 

Internal  strains  in  a  lattice-mismatched  superlatiice 
such  as  CdTe/ZnTe  can  move  the  valence-band  edge  tenths 
of  an  eV.  We  shall  show  that  small-period  superlattices  can 
be  ^rown  which  have  such  large  internal  strains  that  deep 
trap  levels  within  about  0.25  eV  of  the  valence-band  maxi¬ 
mum  can  be  covered  up,  making  them  shallow  acceptors. 
This  should  bo  :;ii  important  mechanism  for  producing  /?- 
type  doping,  because  in  CdTe  there  are  many  deep  hole  traps 
with  energies  around  0.1 -0.2  eV  above  the  valence-band 
maximum,  including  traps  associated  with  Cu  and  Ag.^ 

For  (001  j  superlaiiices,  every  iiiternal  stress  a  can  be 
represented  as  a  combination  of  hydrostatic  and  uniaxial 
stresses: 

cThxiro  =  -r  0^^^.  -f  <7-,  )/3  ( I ) 

and 

<7«n.  =cr,,. (2) 

In  a  typical  1 X  1  CdTe/ZnTe  supci  lattice  the  CdTe  internal 
strain  corresponds  to  hydrostatic  pressures  of  —  10.7 
k‘‘  *.r  and  a  uniaxia!  stress  of  1 6.0  kbar.  Hence  the  heicroe- 
piiaxy  of  the  superlattice  allows  one  to  reach  local  pressures 
and  stresses  (without  damaging  the  semiconductor)  that 


FIG.  1.  Schen.  .tic  encrgy»band  structure  (energy  m  ■  ’*  vs  \\a\e  vector)  of 
Cdl  c,  iliu.straung  the  qualitative  change.s  in  the  v,i!i-iKc-band*lescl  struc¬ 
ture  with  respect  to  thcdccp-lcvcl  cnerg\.  (a  I  The  hulk  scniicoiniucit'’  .\nh 
a  deep  level  uithin  0  2  cV  of  the  vaicncc-band  ed..  The  f .  and  f'.uids 
were /*‘Iike  b;md.s  that  spin  duo  to  the  large  spin-orlu;  interaction  m  Cd  fc 
(b)  The  application  of  50  kbai  hydrost.'stic  pressure  decreases  the  cncr;\ 
between  the  impurity  lou'l  and  the  valence  band  slighiK.  (c)  10  kbar  uf 
uniaxial  stress  splits  the  T  ^  bands  and  can  *’co\  cr  up”  tk<.  deep  hole  trap  and 
makcu  an  acceptor  {d )  A  2  a4  siipcrlatiicc  isexen  better  than  large  unux- 
ia«  stress  in  that  the  deep  level  is  bcittr  covered  o\  the  inieniai  stram-in- 
iiuced  band  splitting. 


would  be  unattainable  when  applied  globally  to  bulk  semi¬ 
conductors.  These  enormous  strains  can  move  the  valence- 
band  maximum  up  in  er.crgy  by  2r0,25  eV,  covering  up  any 
deep  traps  near  the  valence-ba:id  maximum  of  unstrained 
CdTe. 

To  simplify  the  discussion,  we  make  the  assump¬ 
tion  that  ;ne  relevant  deep  levels  have  abM*!u:«.  energies  that 
are  unchanged  by  internal  strains.  With  ihib  approximation, 
we  need  only  predict  the  shift  and  splitting  of  the  valence- 
band  maximum  caused  by  str.un.  and  determine  if  deep  hole 
traps  0. 1-0.2  eV  above  the  vaience-b:ind  ma.\in*um  of  un¬ 
strained  CdTe  will  be  covered  up  by  the  strain-induced  shift 
of  the  valence-ban  J  maximum. 

Ml  cnoiKiAi 

In  zinc-blc.nde  semiconductors  the  top  oi  the  valence 
band  is  threefoia  degenerate  and  p  like  in  a  nonrelativistic 
band  theory.  Inclusion  of  the  spin-orb:i  interaction  splits 
this  degeneracy  into  a  doubly  degenerate  J  =  3/2  va¬ 
lence-band  maximum  and  a  nimdcgencraie  J  =  1/2  band 
below  it.  Strain  further  splits  the  bands,  leading  lo  a  ^lanil- 
tonian  matrix  in  the  \JMj  >  pseudo-angular  momentum 
basis  for  the  vaLnee-band  maxima  a:  k  =  0. 


j3/2,  3/2  > 
/-<5£;/  -  {5E^)/2 

0 

0 


|3/2,  1/2  > 

0 

-5E„  ~  iSEs/l) 

(h'2)51-s 


1 1/2,  1/2  > 

“  1 
(i/v:)5£i-  . 

-  / 
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€=  :/  “  ,4*  .  “  «.^, 

and  is 


Here  we  hav-  used  the  notation  of  Ref.  17:  Ao  is  the  spin- 
orbit  interaction  parameter,  SE/,  and  SE^-  are  the  energy 
shifts  of  the  reicvant  bands  induced  by  the  isotropic  strain  or 
dilation: 

A  =  (w,,  +  Uyy  -f  u,.)/3y  (4) 

and  (SE^.  and  SE^’  are  the  shifts  due  to  the  anisotropic  part  of 
the  'itrain,  and  the  ztro  of  energy  is  the  unstrained  valence- 
br  id  maximum.  Because  the  energy  shifts  (with  respect  to  a 
nearby  deep  level)  induced  by  the  isotropic  parts  of  the 
strain*'  are  aoout  an  order  of  magnitude  smaller  than  the 
anisotropic-strain  shifts,  the  upward  valence-band  shift  in¬ 
duced  by  int  jrnal  strain  is  very  nearly 

LE^^:z-SEs/X  (5) 

and  is  due  to  the  anisotropic  strain. 

IV.  (001]  SUPERLATTICES 

For  [001  ]  supeiiattices,  the  valence-band  shift  is  related 
to  the  strain  tensor  components  w..  —  by 

A£,,  -  5Es/2  =  {b,  -f  (6) 

where  and  b^  are  deformation  potential  constants.  *’  Since 
we  ha\e  been  unable  ro  find  tabulated  values  ofZ?,  and  bi  for 
CdTc,  we  e^rimate  2/?>)  =  —  1.76  eV,  a  value  typical 
of  semiconductors  ( for  example,  in  GaAs  the  measured  val¬ 
ues  range  from  —  1.66  to  —  2.0  eV,  in  Ge  a  typical  value  is 
--2  1  eV).  The  strains  w.,  and  in  CdTe  can  be  related  to 
the  bulk  lattice  constants  aeaxe  and  GznTe  to  the  layer 
thicknesses  of  the  superlatticc:  ^Vc^tc  ^^nd  A2nTc>  dis¬ 
cussed  in  the  Appendix.  Figure  2  shows  the  theoretical  pre¬ 
dictions. 

V.  [Ill]  SUPERLATTICES 

In  [111]  superlatiices,  the  valence-band  shift  is  most 
easily  related  to  the  shear  e  in  a  CdTe  layer: 


FIG  2  Energy  shift  m  cV  vs  the  ratio  of  CdTe  to  ZnTc 

layer  thicknesses  Deformation  po'entiai  theory  predicts  that  decreasing 
the  ia\cr  ihitkue:>’i  .Jtio  for  CdTe/ZnTc  supcrlanices  in¬ 

creases  strain,  lhereo>  shitting  me  \alencc*band  maximum  up  relative  to 
the  deep  level  by  up  loO  25  eV  for  [001  ]  super lai aces  (Open  squares/  This 
enect  is  relati\el>  weak  in  ( 1 11 1  superlattices  m)!iC  circles) 


-A'£’5/2=  +  (8) 

(See  the  Appendix.)  Taking  the  deformation  potential  con¬ 
stant  for  CdTe  :o  be  (rf,  2^/^)  ==  —  4.59  eV.  the  value  for 
GaAs,'^  we  find  the  results  of  Fig.  2. 

VI.  SUMMARY 

Clearly  internal  strains  can  raise  the  valence  ’'and  edge 
of  CdTe  (andothe;  II-VI  semiconductors)  afewtcntlisofan 
eV  when  the  semiconductor  is  sandwiched  in  a  sii  ained-lay- 
er  superlatticc  or  hetcrostructure.  This  should  be  enough  to 
cover  up  the  deep  levels  at  energies  :::0, 1-C.2  eV  above  the 
unstrained  valence-band  na.ximum  and  co’ivert  these  deep 
hole  traps  to /?*type  shallow  dopants.  (Of  course,  the  precise 
extent  of  this  effect  should  be  evaluated  by  compuung  the 
deep  trap  levels  in  a  strained-layer  superlattice.*^“’^  rati,  r 
than  assuming  that  the  dee^.'  levels  are  completely  unaltered 
by  the  ;'rain,  as  we  have  here.) 

By  sandwiching  a  II-VI  semiconductor  between  materi¬ 
als  which  have  a  different  lattice  constant,  .us  in  a  strai.ned- 
layer  superlattice,  it  will  be  possible  to  move  ihe  semicon¬ 
ductor’s  valence-band  maximum  up  in  energy,  that  vieep 
hole  traps  lying  within  0. 1-0.2  eV  of  the  unstrained  valence- 
band  edge  will  be  autoionized  and  will  become  snallov  ac¬ 
ceptors,  doping  the  II-VI  semiconductor p  type.  We  bi  i  eve 
that  this  mechanism  of  conditioning  II-Vl  aemicondiutors 
for p  type  is  most  Kkely  to  be  successful  in  coiri.mon- 
anion  heierostructures  and  superlatiices,  such  as  CdS.  7.iS, 
CdSe/ZnSe,  or  CdTe/ZnTe,  The  reason  for  choosing  com¬ 
mon-anion  heterostructures  is  to  minimize  the  absolute  val¬ 
ue  of  the  valence-band  offset.  IftneCdT^  valence-hand  m.  x- 
imum  lies  above  the  ZnTe  valence  band,  then  quai*ium 
confinement  wnil  tend  : )  drive  the  valencc-bnnd  maximum 
down  in  energy  (and  inhibit  covering  of  the  deep  levels);  but 
if  the  CdTe  valence-band  maximum  lies  below  the  ZnTe 
maximum,  holes  will  tend  to  be  swept  out  of  the  CdTe  layer. 
We  hope  that  experimenters  vx  ill  attempt  to  grow  such  struc¬ 
tures,  and  determine  if  they  are  indeed  more  easily  doped  p 
type,  as  we  predict. 
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The  relevant  pans  of  the  strain  teioor  u  for  evaluating 
A£,^,  can  be  calculated  using  continuum  elasticity  theory. 

For  a  [001  ]  superlatticc,  the  relevant  strain  tensor  ele¬ 
ments  are  and  u,,  [see  Eq  (6)  ].  The  houndaiy  condi- 
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tions  are  that  the  in-piane  L.  *tice  constants  a.  of  the  adjacent 
layers  match  one  another: 

“  ^|I2nTc» 

and  are  related  to  the  bulk  lattice  constant  through  the  strain 
tensor  : 

^I'CtiTc  ^  ^CdTc  (  ^  “h  ^^;c;c.CdTc  )  • 

The  constraints  are 

\  ““  ^yy » 

^xy  =  ^yz  =  ^zx  =  0, 

and 

^CdTc  (  ^  ^xx;CdTc  ^  “  ^ZnTc  (  ^  ”T“  ^xx.ZnTe  )* 

We  assume  that  the  layer  thicknesses  are  sufficiently  small 
that  we  may  take  the  strain  tensors  and  to  be 
constants.  The  total  elastic  energy  of  the  superlatiice  is 

W  =  A  cdTc  CdTc  +  ^^ZnTc  ^'"znTc  ^  ^ 

where 

^“^^CdTc  “  (  l/-)^lJ:CUTc  (^-^Ci.CdTc  +  Wj-CdTe  ) 

"h  ^I2.c  (tTc  (  ^xA:CdTc  *^xx:Cd  fc 

^^jix,CiiTc  ^jr.CdTe  ) 

is  the  increase  of  elastic  energy  in  a  CdTe  layer  (with  a  simi- 
la:  expression  for  ZnTe  layer).  The  elastic  constants  c,„c, 3, 
and  C44  have  been  tabulated’  for  both  CdTe  and  ZnTe.  The 
solutions  for  and  w,,  in  a  CdTe  layer  are  obtained  by 
minimizing  the  superlattice‘s  total  energy  for  fixed  A'cdTe 
and  A  2nTc  • 

^vxCdTc  ^-^i:(^CdTc  “’^ZnTc)/A 

and 

^cr.CdTc  ==  —  2Ci  :,CdTc  ^  \  x.C dTc  M  CdTc 

where  we  have 

Z)u  =  A^dTc  (-^U.CdTc  ^ 

“  *^^1:  CdTc/^ M.CdTc  )/ ^CdTc  » 

=  A^njp  (2c,j.2nTc  “^C.ZnTe 

“  ZnTc 

and 

Z)  =  —  (^Znlc-^jl  “i  ^CJTc-^i:)- 

For  (111)  superlattices,  the  rclc\ani  strain  is  the  anisotropic 
shear  strain  e.  [Sec  ;*.q.  (8)  ].  The  boundary  conditions  are 
i:.at  the  n. -plane  lattice  constants  match  one  another: 

^  c,n  =  ^  ZmTv  * 
wr- we  iia\e 

^,CdU  ”  ^CdU  (  ^  —  ^CdU  )' 

with  a  similar  e.\pi“sMon  for  ZnTe.  Tlie  con^:rainis  are 
^  ^ 

and 
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^CdTc  (  ^  +  ^CdTc  ^Cd7c  )  —  ^ZnTe  (  ^  +  ^ZnTc  “  ^ZnTc  )• 

The  increase  in  elastic  energy  of  the  superlattice  is 

^  =  A  CdTc  ^CdTc  "F  A^2n1  c  ^^ZnTc  » 

where  in  each  CdTe  layer  we  have 

^^CdTc  “  (3/2)  (c,,  (-dTc  +  3C|2,cdTc  )^CdTc 

+  6C44  (3dTy6^dTe‘ 

By  minimizing  the  total  clastic  energy  of  the  superlatiice  for 
fixed  A'cdTc  and  A^^ntct  find 

^CdTc  =  ~^l2(^CdTc  ^ZnTc  )/A 

where 

=  1 2  A'cdTc  ^44;CdTc  /^CdTc  * 

Z?,3  =  1 2 A 2„ Jg  0*44  2„Tc /^ZiiTc » 

Z^:i  —  (^11, CdTc  “T  2C|2  cUTc  +  ^^44, CdTc  )^CdTc/ 

(<^II,CdTc  h-  2c,2.cdTc)» 

J^22  ^  (^M.ZnTe  d“  2c,22nTc  “h  '^^44.Znle  )^ZnTc/ 
(t^ll.Ziuc  +  2c,2  2nTc  )» 

and 

^  D I  |Z?23  Di2-^2\' 
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An  explanation  is  proposed  for  the  fncl  that  ZnTe  is  unique  among  the  II-VI  compound  semicon¬ 
ductors  in  that  it  can  be  doped  p  type  rather  easily:  a  p-Iikc  deep-level  resonanotr  hes  wiiiiin  the 
valence  band  of  ZnTe  and  emerges  into  the  fundamental  band  gap  with  increasing  Sc  content  x  in 
ZnTC|_, Sc,  random  alloys.  This  level  generates  free  holes  when  it  lies  below  the  Fermi  energy  in 
the  valence  band,  making  its  parent  defect  a  shallow  acceptor.  When  the  level  moves  into  the  gap, 
the  impurity  becomes  a  deep  hole  trap.  The  native  and  foreign  antisiie  defects  Zny*  and  Litt  art 
suggested  as  possible  parent  defects  of  the  relevant  deep  level;  they  arc  predicted  to  be  shallow  ac¬ 
ceptors  in  ZnTe,  while  the  corresponding  defects  are  deep  traps  in  other  II-VI  compound  semicon¬ 
ductors.  Tests  of  this  proposal  are  suggested  and  the  sub:iituiicnal  s-  and  p-bonded  deep  levels  of 
ZnSe  and  ZnTe  arc  predicted,  extending  the  theory  of  Hjalmarson  et  qL  (Phys.  Rev.  Lett.  44,  810 
(1980)].  The  possibility  of  doping  ZnSe  p  type  with  (antisite)  Be  is  also  proposed  and  discussed. 


I.  INTRODUCTION 

Most  wide-band-gap  II-VI  compound  semiconductors 
can  be  easily  doped  n  type,  but  resist  p-type  doping.  The 
most  notable  exception  is  ZnTe  which  is  easily  doped  p 
type,  but  not  n  type.  The  different  and  singular  doping 
behavior  of  ZnTe  is  not  presently  understood. 

The  purpose  of  t.iis  paper  is  to  offer  an  explanation  of 
this  difference  in  terms  of  a  defect  that  undergoes  a 
shallow-deep  transition  as  a  function  of  alloy  composition 
X  in  ZnTe,«^Se^,  so  rhat  it  is  an  acceptor  in  ZnTe  but  a 
hole  trap  in  ZnSe.  Wo  present  calculations  that  sugge.st 
that  such  a  transition  occurs  for  the  native  and  foreign 
antisite  defects  Zn-j-^  and  in  ZnTe.  And  we  suggest 
specific  tests  of  the  explanation,  which  !ias  a  firm,  but  ad¬ 
mittedly  not  »*nshakable.  thooreticai  fou.  dation.  Indeed, 
the  reader  should  accept  thh’  work  K»r  its  intended  pur¬ 
pose:  to  sketch  a  simple  mooei  w*.  can  be  tested  ex¬ 
perimentally  and  which  appears  to  ofler  an  explanation  of 
ihep-type  doping  proclivity  of  ZnTe  in  terms  of  the  natu¬ 
ral  occurrence  of  certain  defects.  The  theoretical  tools 
are  presently  not  available  to  predict  with  1(X)% 
confidence  if  these  defects  form  in  sufncieni  concentra¬ 
tion  uiih  precisely  the  electronic  structures  we  find.  Nev- 
erinelcss,  ir.c  picture  we  propiyse  is  simple  enough  to  lend 
itself  readily  to  experimental  te^is,  while  presenting  an  at¬ 
tractive  alternative  explanation  of  the  doping  properties 
of  ZnTe  to  mechanisms  which  rely  on  seif-compensation 


or  the  relative  solubilities  of  impurities  in  different  hosts. 

We  propose  that  p-type  conductivity  is  most  easily 
achieved  in  ZnTe  of  the  Il-Vi  semiconductors  because 
defects  that  produce  p-iikc  aeep  traps  l^ing  slightly  above 
the  valence-band  maximum  in  most  II-VI  semiconduc¬ 
tors  instead  have  these  levels  lying  below  the  band  edge 
in  ZnTe.  Each  such  level  for  a  neutral  defect  is  naturally 
occupied  by  both  electrons  and  !.  iles  when  ii  lies  within 
the  fundamental  band  gap.  and  so  can  trap  holes.  \^'htn 
the  level  descends  below  ihr  val:nce-band  maximum,  its 
holes  are  autoionized  and  become  carriers  at  room  tem¬ 
perature.  (At  zero  temperature  they  are  trapped  in  shal¬ 
low  acceptor  levels.)  Hence  -  'tcis  generate  holes  in 
ZnTe,  but  trap  then  in  other  scmiconduciois.  More 
specifically,  our  proposal  is  that  the  native  anti^te  defect 
Zn  on  a  Te  .site,  Zn^^  land  even  the  aniisiie  dopant  Lixt) 
is  a  shallow  ;.ccepior  in  ZnTe  and  dopes  the  materia!  p 
type,  compensaiirg  any  /i-type  ‘mpurities  that  might  oth¬ 
erwise  themselves  compensate  acceptor::  In  other  II-VI 
semiconductors,  neither  the  caiion-on-anion-sile  defect 
nor  antisite  Li  >i;:Ids  a  shallcw  acceptor,  but  instead  pro¬ 
duces  a  dt'c;-  '  .  r  icvel  in  the  fu:iu.:mental  band  gap.  The 
antisite  defect?  Zn5,  (and  Li^^)  neiincr  dope  the  material  p 
type  nor  produce  thernially  holes;  instead  thfv 

trap  earners,  holes  in  panicu;.ir. 

We  arrived  at  the  conclusion  that  the  defect  responsi¬ 
ble  for  the  resistance  of  most  II-VI  semiconductors  to  p- 
type  doping  might  be  the  caiion-on-anion*siie  defect  after 
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having  examined  predictions  for  deep  levels  of  all  the  > 
and  p-bonded  substitutional  impurities  in  all  of  the  major 
11-Vl  semiconductors.  During  this  examination  we  asked 
the  questions  (i)  “Can  impurities  explain  the  different 
doping  proclivities  of  ZnTe  and  the  other  II-VI  semicon¬ 
ductors**  and  (ii)  “Does  any  impurity  that  is  likely  to 
occur  in  significant  concentrations  have  a  deep-level 
structure  that  is  different  in  ZnTe  from  in  the  other  II-VI 
semiconductors?** 

The  classical  mechanism  that  has  been  proposed  to  ex¬ 
plain  the  resistance  of  II-VI  semiconductors  to  p-type 
doping  is  self-compensation:  The  introduction  of  an  ac¬ 
ceptor  such  as  Li  or  Na  onto  a  cation  site  is  thought  to 
simultaneously  produce  an  anion  vacancy  which  is  a  dou¬ 
ble  donor  and  compensates  the  acceptor,  leaving  the  ma¬ 
terial  semi-insulating  or  doping  the  material  A^type  rather 
than  p  lypeJ”^  If  the  self-compensation  mechanism  is 
indeed  operative  in  most  II-VI  semiconductors  and  can¬ 
not  be  blocked  for  at  least  some  p-iype  dopants,  then  II- 
VI  semiconductors  are  unlikely  to  become  important 
electronic  materials,  regardless  of  purity  of  the  ma¬ 
terials.  The  self-compensation  is  thought  to  be  an  intrin¬ 
sic  property  of  the  doping,  regardless  of  the  quality  of  the 
undoped  semiconductor:  p-type  doping  produces  com¬ 
pensating  anion  vacancies.  Therefore,  the  fact  that  ZnTe 
is  naturally/?  type  is  an  important  clue  to  understanding 
and  overcoming  seif-comperiSation  lif  it  occurs) — and 
perhaps  the  key  to  developing  electronic-grade  II-VI 
semiconductors. 

The  e.xplanaiion  often  given  for  the  singular  behavior 
of  ZnTe  is  that  its  band  gap  is  smaller  than  that  of  other 
II-VI  semiconductors,*”'^  and  so  the  energy  generated  by 
the  self-compensation,  which  is  approximately  the  energy 
of  the  gap,  is  too  small  to  produce  a  vacancy  in  ZnTc,  but 
is  adequate  for  vacancy  formation  in  other  II-VI  semi¬ 
conductors.  At  first,  this  argument  appears  attractive, 
because  it  correlates  with  the  fact  that  self-compensation 
is  most  com.moniy  found  in  large-band-gap  sem'*onduc- 
lors.  Upon  closer  examination,  however,  the  argument  is 
difficult  to  reconcile  w*iih  the  fact  that  the  band  gaps  of 
ZnSf  and  ZnTe  are  not  very  different  or  \\iih  the  fact 
that  stoichiometric  CdTe,  which  has  a  significant!)  small¬ 
er  band  gap  than  ZnTe,  resists  p-i:-pe  doping  (although 
less  so  than  other  II-VI  compounds).  Therefore  we  con¬ 
clude  that  an  alternative  explanation  of  the  singular  p- 
type  character  of  ZnTe  is  needed. 

Self-compensation  by  vacancies  is  not  universally  ac¬ 
cepted  as  the  mechanism  by  which  semiconductors 
resist  p-type  doping.  Some  other  explanations  point  to 
the  different  solubilities  of  impurities  on  differe.'''  siivs 
and  i.mersiiiial  self-compensation;  example,  Na  cun 
occupy  a  cation  site  as  an  acceptor  in  ZnSe,  but  beco'.  :S 
a  donor  at  inierstinal  sues,'  and  so  interstitial  Na  can 
compensate  substitutional  Na.  Other  mechanisms 
also  been  suggested  to  account  for  tne  resistance  of  JI-VI 
Semiconductors  t '  p-type  doping:  The  acceptor  binoi.tg 
energies  of  some  II-VI  semiconductors  can  be  rather 
large,  >0.1  e\  ,  making  the  acceptors  difficult  to  ionize 
thermally  a:.d  frustrating  p-t>pe  conductnity/  The  in¬ 
corporation  of  the  standard  p-iype  dopants  intD  a  II-VI 
host  can  be  seveul)  Iimitea  b\  the  chemistr\  of  the 
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Unanticipated  deep-level  formation  may  occur,  in  the 
sense  that  impurities  such  as  those  from  column  V  of  the 
Periodic  Table,  when  occupying  a  colum.'-Vl  site,  may 
produce  deep  levels  in  the  fundamental  band  gap  of  some 
wurtziie-structure  II-VI  compound  semiconductors  rath¬ 
er  than  the  expected  shallow  acceptors.'^  Indeed,  it  is 
corceivable  that  the  II-VT  semiconductor  doping  prob¬ 
lem  is  a  consequence  of  rather  complicated  defect  and 
impurity  dynamics.  Currently  there  are  many  efforts  in 
progress  to  overcome  the  p-doping  problem  by  improving 
the  quality  of  II-VI  materials,  for  example,  by  employing 
molecular-beam  epitaxial  techniques  of  crystal  growuh; 
these  efforts  implicitly  assume  that  impurities  and  de¬ 
fects,  not  self-compensation,  cause  the  p-type  doping 
problem.* 

Clearly  there  arc  a  variety  of  detailed  mechanisms  for 
explaining  the  resistance  of  most  wide-band-gap  II-VI 
semiconductors  to  the  p-type  doping.  However,  a  satis¬ 
factory  explanation  of  why  ZnTe  is  almost  singularly 
compatible  with  p-type  doping  is  lacking — and  could 
provide  a  vital  clue  for  doping  the  other  II-VI  semicon¬ 
ductors  p-type. 

The  purpose  of  this  paper  is  to  offer  a  simple  but  gen¬ 
eral  explanation  of  the  ZnTe  doping  sint  ularity.  This  ex¬ 
planation  does  not  depei'd  on  any  detailed  model  of 
dopant  compensation  or  theory  of  the  resistance  of  II-VI 
semiconductors  to  p-type  doping.  It  merely  assens  (on 
the  basis  of  a  theory  of  deep  levels)  that  ZnTe  is  unique  m 
having  a  native  aniisiie  defect,  Zny^.  that  is  a  strong  p- 
lype  dopant,  capable  of  generating  holes  and  compensat¬ 
ing  donors  of  any  origin.  ZnTe  is  also  unique  in  that  its 
aniisiie  dopant  Liy^  is  also  a  shallow'  acceptor,  not  a  deep 
trap.  The  electronic  structures  of  these  aniisite  defects 
provide  a  simple,  general,  and  experimentally  ver.nable 
explanation  of  why  ZnTe  is  easily  doped  p  type,  and  al¬ 
low  us  to  avoid  the  more  difficult  issue  of  specifying  the 
detailed  mechanisms  by  which  most  II-VI  semiconduc¬ 
tors  occur  n  type.  Hence,  instead  cf  asking  “Why  are 
ZnSe  and  most  other  11-VI  semiconductors  n  type*’  we 
address  the  question  “what  unique  feature  of  ZnSe  and 
ZnTe  causes  them  to  change  rheir  doping  proclivities 
from  n  type  for  ZnSe  to  p  type  for  ZnTe*'?  Wc  propose 
that  :he  relevant  feature  is  the  shallow  acceptor  character 
of  the  Zny^  aniisiie  defect. 

At  first  glance,  most  of  the  mechanisms  that  might 
frustrate  p-type  doping  appear  to  be  smooth  functions  of 
the  chemical  compositions  of  the  Il-Vl  semiconductors, 
and  it  is  difficult  to  understand  why  ZnTe  can  be 
doped  p  type  ar.d  most  other  II-VI  semiconductors  can- 
no*.  One  might  still  expect  that  ZnTe,,  tRef.  15)  or 
(ZnTe)i«;j(CdSe)^  alloys  (Ref.  16)  would  smoothly 
change  from  p-iype  to  semi-insulating  to  .T-iype  conduc- 
tivK\  as  X  increases.  However  the  concept  of  abrupt 
de:p-sha!low  transitions  of  irnpunt)  character  as  a 
function  of  host  ch<  mica!  composition  rai^^es  the  possibil¬ 
ity  that  a  defect  intimate'v  insohed  in  obstructing  the  p- 
lype  doping  in  most  I!-VT  semiconductors  migh*  ha^e 
quite  a  different  character  in  ZnTe.  W-  predict  that  the 
nati\e  antisite  defect  Zn^-.  should  be  a  shallow  acceptor 
in  ZnTe,  but  th^t  us  analog  Zr\.  should  be  a  deep  trap  m 
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ZnSe.  At  the  extreme*  even  Li  (a  common  dopant)  has  an 
aniisiie  defect  with  the  same  character*  changing  from 
shallow  in  ZnTe  to  deep  in  ZnSe.  The  deep-shallow  tran¬ 
sition  of  the  antisite  defects’  characters  occur  abruptly  as 
functions  of  alloy  composition  x,  and  can  naturally  ex¬ 
plain  why  ZnTe  is  p  type  while  other  II-VT  semiconduc¬ 
tors  are  not. 


IL  MODEL 


Our  model  uses  the  well-established  theory  of  deep  lev- 
which  has  successfully  explained  a  broad 
range  of  data,  inclt  ding  the  physics  of  the  N  trap  in 
GaAs,-;cP;c  (which  produces  an  energetically  "shallow" 
level  within  <0.1  eV  of  the  conduction-band  edge  in 
GaP,  a  deep  trap  more  than  0.1  eV  below  the  edge  for 
;c=s0.5*  and  a  resonance  in  the  conduction  band  of 
GaAsi,*’*^’’‘^  rapid  Ill-V-compound  laser  degrac^aiion,*^ 
bulk  and  surface  core  exciions'^"*^*  in  Si  and  III-V  com¬ 
pound  semiconductors,  intrinsic  surface  slates, 
Schottky-barrier  heighis,"^”^^  and  the  deep-shallow  be¬ 


havior  of  defects  such  as  the  DX  center  in  Al^^Ga^^j^As 
semiconductors^^  and  GaAs /Al^^Ga^^jc  As  superlai- 


lices. 
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In  this  model,  deep  energy  levels  are  obtained  by  solv¬ 


ing  the  secular  equation 


w^here  Hq  is  the  host  Hamiitonian  operator,  V  is  the  de¬ 
fect  potential  operator,  and  the  level’s  energy  E  is  as¬ 
sumed  to  have  an  inrinitesimal  positive  imaginary  pan. 
Hjalmarson  et  a/.  have  presented  predictions  of 
deep  levels  ba.sed  on  this  theory.  In  a  Lowdin  basis'**  of 
sp^s*  orbitals  centered  at  each  site^*  the  defect  potential 
is  diagonal  ana  related  to  atomic  energies.*^  The  host 
Hamiltonian  is  treated  in  an  empirical  tight-binding  mod¬ 
el,  the  parameters  of  which  have  been  fit  to  observed 
band  gaps  in  several  semiconductors  and  follow  chemical 
trends  from  one  semiconductor  to  another.’*^  Charge- 
transfer  effects,  such  as  those  treated  by  Jansen  and  San- 
key,’  are  not  included  explicitly  in  this  model.  Neverthe¬ 
less  the  model  produced  excellent  agreement  with  mea¬ 
sured  surface  states  of  ZnSe  and  ZnTe,^^  and  so  is  expect¬ 
ed  to  describe  well  any  localized  perturbation  associated 
with  a  defect.  Details  of  the  model  have  been  pub- 
lished.'*’''’*'  We  consider  only  substitutional  defects  be¬ 
cause  common  interstitials  such  as  Li  and  Zn  are  normal¬ 
ly  donors’  and  because  most  interstitials  are  notoriously 
sensitive  to  charge  transfer  and  the  local  environ¬ 
ment,'’’*"^'''*'  a  properly  that  we  regard  as  unlikely  to  be 
associated  w'uh  the  nearly  universal  doping  properties  of 
II-VI  semiconductors — although  we  recommeni  the 
work  of  Chadi  and  Chang“^  for  a  somew'hat  different 
viewpoint. 


HI.  RESULTS 

As  a  lest  of  the  model’s  ability  to  describe  defects  in 
n-\  I  semiconductors,  we  first  consider  Li  doping  of 
zinc-blende-structure  Znoe  and  find  I.  to  be  a  shallow 
acceptor,  in  agreement  \\nu  the  data.**’  Furir*':  nore,  ex¬ 


periments'*’  reveal  a  deep  acceptor  related  to  Li  0.2  to  0.3 
eV  above  the  valence-band  maximum.  Since  interstitial 
Li  is  a  donor/  this  acceptor  can  likely  be  associated  with 
the  iheorei’cally  predicted  0.4  eV  antisite  deep  level* 
and  indicates  that  the  theory  lies  only  slightly  above  the 
data  in  energy .’*^-'*^  Thus  the  Li  doping  data  for  ZnSe  are 
well  described  by  the  present  theoiy,  lending  support  to 
the  other  theoretical  predictions. 

Since  the  spirit  of  the  present  work  is  to  understand 
global  chemical  trends,  we  limit  our  discussion  to  a 
mean-field  one-electron  theory  of  neutral  defects,  and 
omit  the  Coulomb  effects  normally  associated  wuh  small 
to  moderate  splittings  of  order  0.2  eV  between  different 
charge  states  of  a  defect. ’•■**'^^^  This  simplification  makes 
all  of  the  energy  levels  associated  with  different  charge 
states  of  a  defect  degenerate  and  allows  a  simple  discus¬ 
sion  of  global  trends  without  concern  for  many-electron 
effects.  Furthermore,  the  effects  of  these  rather  small 
effects  can  be  included  a  posteriori  with  very  little 
difficulty.’*^"^^ 

Each  of  the  s-  and  p-borded  impurities  has  eight 
“deep”  spin  orbitals  with  energies  near  the  fundamental 
band  gap.  two  or  s-like  and  nx  or  p-like  spin- 
orbitals.  Normally  the  energies  of  the  Ti  spin  orbitals  lie 
above  the  Ax  spin  orbitals.  In  fact,  spin-orbit  splitting, 
which  is  included  in  the  theory,  causes  the  j\  levels  to 
split  slightly  into  P3/2“like  Fg  levels  ^ind  Pi/.-Iike  lev. 
els.  However,  for  simplicity  we  shall  refer  to  both  levels 
as  Tj  in  the  text,  while  plotting  the  spin-orbit  split  levels 
in  the  figures.  (In  the  double-group  notation,  A  |  be¬ 
comes  r^,). 

The  predictions  of  the  theory  for  substitutional  s-  and 
p-bonded  defects  in  ZnSe  and  ZnTe  are  summa.nzed  in 
Figs.  1-4.  These  figures  indicate  the  dop:;:g  character  of 
each  element  of  the  Periodic  Table. 

A  notable  feature  of  the  predictions  is  that  the  de¬ 
fect  energy  levels  for  Zn  on  either  site  in  any  host  are  vir¬ 
tually  identical  to  those  of  the  corresponding  Li  defect 
because  these  atoms  have  essen::aliy  the  .same  atomic  or¬ 
bital  energies.  This  means,  in  particular,  that  Zn^^  and 
Li^  have  a’oout  the  same  energy  levels  and  the  same  dop¬ 
ing  character,  except  that  Zn  provides  one  more  electron 
than  Li. 

Figures  1-4  should  be  examined  as  follows:  In  general 
the  drep  levels  move  up  (down)  us  one  movei  to  the  left 
(righ:*  across  a  row  of  the  Periodic  Table.  The  host  atom 
has  A  i  and  levels  occupied  in  the  valence  band  and 
A  j  and  levels  empty  in  the  conduction  band  In  the 
case  of  the  Se-siie  Si  in  ZnSe.  ali  the  defect’s  levels  he 
above  ’he  corresponding  Se  levels,  but  the  difference  be¬ 
tween  Si  and  Se  is  i.ot  enough  to  cause  an>  of  the  occu¬ 
pied  deep  levels  to  move  up  into  the  band  gap.  As  a  re¬ 
sult,  S«  IS  a  double  acceptor  (denoted  2.4)  because  it  has 
two  fewer  electrons  than  Se,  and  ih-.se  missing-electrons 
or  hc.'es  “bubble  up’*  from  the  o^ep  S:  levels  in  the 
valence  band  to  the  valence-'^and  edge,  where  they  are 
trapped  in  shallow*  acceptor  k\ols  by  the  Coulomb  poten¬ 
tial  of  t;.e  ionized  Si  atom.  Similar  reasoning  applied  to 
the  empty  leve-  indicvates  that  13:  on  the  Sc  sue  of  ZnSe  is 
a  single  donor.  Because  3r  is  more  electronegative  than 
Se,  us  energy  levels  iic  lower  :!.in  those  of  Se,  b  a  the 
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j  FIG.  1.  Predicted  doping  character  ot'  Zn-siic  substitutional 
I  s-  and  /7-bonded  atoms  in  ZnSe.  The  character  is  denoted  D  for 
j  donor,  A  for  acceptor,  and  I  for  isoclccironic  defect  (with  no 
I  deep  level  in  the  gap).  If  the  impurity  produces  one  or  more 
I  deep  trap  levels  in  the  gap,  this  is  indicated  for  each  atom  by  the 
j  number  of  holes  and  electrons  trapped  in  those  levels  for  a  sin- 
j  gle  neutral  defect,  e.g..  5h  le  denotes  5  holes  and  1  »*lectron — in 
;  a  pAikc  deep  level.  See  the  text  for  further  explanation. 


!  Br-Se  difference  is  not  enough  to  pull  one  of  the  empty  Se 
I  deep  levels  in  the  conduction  band  down  into  the  gap.  As 
a  result,  the  extra  electron  of  the  neutral  Br  defect  (reia- 
i  live  to  the  Se  atom  the  Br  replaced)  falls  out  of  the  deep 
‘  level  in  the  conduction  band,  the  Br  is  autoionized,  and 
the  extra  Br  electron  falls  to  the  conduction-band  edge, 
;  where  it  becomes  a  shallow  donor  electron  orbiting  the 

I  ionized  Br  impurity  (denoi  ID).  As  one  moves  to  the 

;  left  in  the  Periodic  Table,  eep  levels  that  were  within 

:  the  valence  band  for  the  host  atom  move  up,  sometimes 

into  the  band  gap,  becoming  deep  traps — as  for  Css^. 
which  (when  neutral)  has  a  p-like  Ty  level  in  the  gap  oc- 


FIG.  3.  Predicted  doping  chnr.ictcr  for  Zn-siie  substitutional 
atoms  in  ZnTc,  as  in  Fig.  1. 

cupied  by  five  holes  and  one  electron,  and  an  A  |  state 
below  the  valence-band  maximum  filled  by  two  electrons, 
and  therefore  is  denoted  5k  le.  In  some  cases  the  defect  is 
so  electropositive  that  the  relevant  occupied  deep  levels 
pass  through  the  gap  into  the  conduction  band,  as  for  the 
anion  vacancy  (which  is  infinitely  electropositive’®  and  is 
denoted  as  the  element  *‘Va”  in  the  figures).  The  A^  and 
7*2  levels  of  the  vacancy  lie  in  the  conduction  band,  with 
the  six  electrons  of  the  level  removed  along  with  the 
Sc  atom  during  vacancy  creation.  Thus  the  Se  vacancy  is 
a  double  donor  (2D)  and  has  a  false  valence  if)  with 
respect  to  Se,  allowing  it  to  donate  -r2  electrons  rather 
than  “6,  because  eight  spin  orbitals  (2.-lj-r67>)  have 
crossed  the  gap  into  the  conduction  bond  as  the  Se  host 
atom  has  been  “transmuted”  into  a  vacancy.  Similarly  a 
Zn-site  Cl  atom  has  deep  levels  derived  from  the  empty 
conduction-band  levels  of  Zn,  the  A  j  level  is  pulled  down 


FIG.  4.  Predicted  doping  character  for  Te-si:,  substitutional 
atoms  in  ZnTe,  as  in  Fig.  1.  Note  ;aat  the  Zn  aniisite  oefeci 
produces  a  shallow  [quadruple  (Ref  5  i »]  uccep,.  :. 


FIG.  2.  Predicted  doping  character  for  Se-site  substitutional 
atoms  m  ZnSe,  a^  :n  Fig  I 
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‘  jfiye^.e^tfja  ■electrons'  of’ neutral  -Gl' distribute  themselves 
with  two  in  the  A  i  deep  level  and  three  in  the  conduction 
band;  hence  Cl  produces  a  deep  doubly  occupied  A  i  level 
(2  e)  and  a  triple  donor  (3  D),  Seme  defects,  such  as  oxy¬ 
gen  on  a  Se-site  in  ZnSe  neither  chance  the  number  of 
electrons  nor  introduce  new  deep  levels  into  the  gap,  and 
so  are  termed  isoelectronic  (/). 

By  generating  Periodic  Tables  such  as  Figs.  1-4  for  a 
wide  range  of  II-VI  semiconductors,  we  have  been  able  to 
determine  how  the  predicted  characters  of  defects  are 
different  in  various  semiconductors.  Here  we  discuss 
only  ZnSe,  which  has  similar  defect  deep-level  behavior 
to  other  II-VI  semiconductors,  and  ZnTe,  which  e.xhibits 
unusual  p-type  doping  behavior. 

The  theory  predicts  that  neutral  Zny*  in  ZnTe  is  a  qua¬ 
druple^'  acceptor  (4  A),  whereas  native  cation-'on-anion- 
site  defects  in  other  II-VI  semiconductors  produce  Ty 
symmetric  deep  traps  in  the  band  gap:  e.g.,  (4A2c)  for 
Znse  ZnSe.  (See  Figs.  1  and  3).  Charge-transfer  and 
Coulomb  splitting  effects  omitted  from  the  model  may  ac¬ 
tually  prevent  the  formation  of  the  quadrupolc  acceptor 
state,  but  some  level  of  acceptor  character  is  nevertheless 
to  be  expected.  (Sec.  IV  treats  this  issue  in  more  detail.) 
This  native  antisite  defect  yields  four  holes  to  the  valence 
band  and  is  a  powerful  p  dopant  in  ZnTe  only.  More¬ 
over,  as  a  function  of  alloy  composition  x  in  ZnTe|_,Se, 
or  (ZnTe)i_,(CdSe),,  the  relevant  deep  level  should 
move  from  below  the  valence-band  maximum  into  the 
gap — and  the  character  of  the  Zn-cn-anion-site  defect 
should  change  rather  abruptly  from  a  p-type  acceptor  to  a 
deep  trap  which  no  longer  dopes  the  material  p-type. 
(See  Figs.  5  and  Oi.  Hence  the  material  should  change, 
rather  abruptly,  from  being  p  type  to  n  type.  The  abrupt 
character  of  this  transition  should  be  an  expen'.mental  sig- 

Zn  and  Be  Antisite-defect  Energy  Levels 


Zn.alhd'Be  Ah.tisite*defectEnergy/Level|^^^ 


Alloy  Composition  x 

FIG.  6.  Predicted  dependence  on  alloy  composition  x  of  the 
energy  levels  (in  eV)  for  the  anion-site  defects  Zn,„,oB  (solid  line) 
and  Be,„iop,  (dashed)  in  (ZnTe),_,(CJSe),.  The  pj/.-like  (pi/;- 
like)  levels  derived  from  the  T;  deep  levels  ar*  labeled  Fi  (T}), 
Forx  «0,  and  for  a  neutral  Zny,  defect,  the  P:  level  is  occupied 
bv  two  electrons  and  the  P i  level  by  four  holes. 


nature  of  the  antisite-defect  doping  mechanism,  which 
perhaps  can  be  detected  by  a  sudden  change  of  doping 
character  with  alloy  composition  x  in  ZnTe,_,Se,  or 
(ZnTe),>,(CdSe),,  by  optical  spectroscopy  (allowing  for 
the  fact  that  both  the  valence-band  edge  and  the  deep  lev- 
el  have  T,  symmetry),  or  by  pressure  o:  strain  measure¬ 
ments  which  cause  the  deep  level  to  move  into  or  out  of 
the  fundamental  band  gap. 

Zn  is  not  the  only  antisite  defect  that  is  predicted  to 
produce  a  strong  p  dopant.  Lije  (although  unlikely  to 
occur  in  large  concentrations)  is  likewise  a  shallow  accep- 
to.'  yielding  nominally  five  holes''  to  •  valence  band. 
The  energy  of  the  foreign  antisitc  Li  deep  level  is  essen¬ 
tially  the  same  as  that  of  native  aniisite  Zn — and  so  sub¬ 
stitutional  antisite  Li  should  also  undergo  a  similar  deep- 
shallow  transition  as  a  fut.ction  of  alloy  composition. 
(Note  that  this  paper  does  not  consider  the  questions  of 
whether  the  Li  would  be  mechanically  stable  on  such  a 
site  or  whether  it  would  naturally  occupy  such  a  site  with 
reasonable  probabi'hy.)  Thus.  Tor  example,  if  we  assume 
an  oversimplified  situation  for  the  Li  dopin^.  of  ZnTe  in 
which  there  are  no  vacancies  or  other  defects,  and  if  we 
denote  the  concentrations  of  interstitial-,  Zn-site,  Te-siie, 
and  Se-site  Li  by  [Li,],  [Lizpj,  (LixJ,  and  (LisJ,  then  the 
conditions  for  gt-type  character  in  Zn^e  and  ZnSe  are 

5[LiTc)-i-[Li2J-[Li/]>0, 


Alley  Composition 

FIG.  5.  Predicted  dependence  on  alloy  composi:ion  x  of  the 
energy  levels  (in  eV)  for  the  anion-site  defects  Znj„,o„  (solid  line), 
Lij„„„  (the  same  so!:d  line),  and  Be,„„,„  (dashed)  in  ZnTc,_j,S'ej,. 
Tnepi/j-iike  level  derived  from  the  Pj  deep  level  is  labeled  P-. 


-[Lisj4-[Li2j-[Li,]>0. 

Cie.Tly  the  anti.site  Li  could  make  a  difference  in  the  dop¬ 
ing  character  of  t/.e  host,  ^.ouded  ii.,  concentration  is 
large  enough.  Now,  in  zn  equilibrium  siiuation,  the  Lije 
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concentration  is  likely  to  be  exponentially  smaller  than 
(LizJ.  and  so  Li  by  itself  should  not  change  the  doping 
character  of  a  II*VI  semiconductor;  but  this  example  il¬ 
lustrates  in  a  simple  case  how  the  concentrations  of  the 
different  point  defects  determine  the  doping  character. 

Another  interestir.g  prediction  of  the  theory  is  that  Be 
I'n  an  anion  site  is  a  (quadruple^')  acceptor  in  both  ZnSe 
and  ZnTe,  while  remaining  '..soelectronic  when  occupying 
a  Zn  site.  (See  Fig.  5).  This  means  that  heavy  Be  doping 
may  also  make  ZnSe  p  type.^* 

On  the  anion  site,  only  Zn,  Mg,  Cd,  Li,  and  H  and  He 
ure  predicted  to  have  different  doping  characters  in  ZnSe 
and  ZnTe.  On  the  cation  site  Ar,  F,  0,  Bi,  Sb,  Sn,  Ge,  Si, 
B,  H  and  the  vacancy  have  different  doping  characters. 
Sec  Figs.  1-4.  Predicted  energy  levels  are  given  in  Figs. 
7-22.  (Impurities  with  no  deep  levels  near  the  funda¬ 
mental  band  gap  behave  according  to  thq  conventional 
rules  and  are  not  displayed.) 

It  is  noteworthy  that  the  anion  vacancy  is  a  double 
donor  for  both  ZnSe  and  ZnTe— as  anticipated  by  the 
extensive  self-compensation  literature.  This  is  a  case  of 
false  valence,*'^  because  the  removal  of  a  column-Vl  atom 
should  add  six  holes  to  the  valence  band,  not  two  elec¬ 
trons  to  the  conduction  band.  The  removal  of,  say,  Te  in 
ZnTe  is  achieved  theoretically  by  driving  its  atomic  ener¬ 
gies  to  infinity  as  well  as  adding  six  holes.  In  the  case  of 
ZnTe  and  other  II-VI  semiconductors,  this  causes  an  A  t 
and  a  7*2  level  to  move  from  the  valence  band  into  the 
conduction  band. 

Within  the  conte.xt  of  the  conventional  self¬ 
compensation  picture,  each  acceptor  in  p*type  doped 
ZnSe  is  compensated  by  a  double-donor  anion  vacancy 
generated  as  a  result  of  acceptor  doping.  If  the  same  en- 


1 

I 

i 


ZnSe  Cation*$Ue  Impurity  Levels 


FIG.  7.  Predicted  deep  cnerg>  levels  in  the  gap  (striped)  of 
ZnSe  due  to  and  p-boncied  substitutional  impurittcs  on  the  Zn 
site.  The  impurities  are  indicated  on  the  abscissa.  Their  occu- 
pancics,  when  neutral,  a:'  indiwated  b>  open  triangles  for  holes 
and  by  closed  circles  for  eicetroas 
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FIG.  S.  Predicted  deep  energy  levels  in  the  gap  of  ZnSe  due 
to  r-  and  p-bonded  substitutional  impuniies  on  the  Zn  site.  The 
impurities  are  indicated  on  the  ao>cissa. 


ergy  that  produced  an  anion  vacancy  instead  produced 
an  anion-site  antisite  Zn,  then  in  ZnSe  every  antisiie  de¬ 
fect  w‘0uld  compensate  roughly  two  acceptors  (or  one  va¬ 
cancy),  but  in  ZnTe  this  would  not  happen.  Moreover,  in 
ZnTe  roughly  every  two  vacancies  would  be  compensated 
by  one  antisite  defect,  blocking  the  conventicnal  self- 
compensation  process.  .Antisite  defects  are  common  in  a 
variety  of  semiconductors,  as  argued  by  Van  Vechten  and 
others.**  The  formation  energy  should  be  less  for  the  an- 
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FIG.  ^  Predicted  deep  energy  levels  in  the  gap  of  ZnSe  due 
10  j-  anc  p-bonded  suhstiiuiior.u;  ^mpurIlle^  on  ihe  Z-.  sue.  Tli. 
impu-’.i'iis  a  '■  indicated  on  ;he  aoscissa. 
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FIG. '10.  Predicted  deep  energy  levels  in  the  gap.of  ZnSe  due  FIG.  12.-  jPredicted  deep  energy  levels  in  the  gap  of  ZnSe  due 
to  r-  and  p*bonded  substitutional  impurities  on  the  Zn  site.  The  to  i*  and  p*bonded  substitutional  impurities  on  the  Se  site.  The 


impurities  are  indicated  on  the  abscissa; 


impurities  are  indicated  on  the  s'.  .%cissa. ' 


tisite^dcfcct  than^forthe  vacancy,  and  the  number  of  an- 
tisite  defects  to  be  expected  at  equilibrium  should  exceed 
the  nilmberof  vacancies.  Stated  more  simply,  it  normally 
costs  less  energy  to  rearrange  a  bond  than  to  break  Jt. 
Hence  in  most  crystal-growth  processes,  an  adequate 
numb^rr  of  Zn-r,  defects  should  be  created,  and  the  self¬ 
compensation  would  be  expected  to  be  irhpotent  in  ZnTe 
but  not  inZnSe.  For  e.xample  (Fig.  23),  in  ZnSe  with  one 
Na  acceptor,  one  Se  vacancy,  and?one  Zns,‘antisite  de¬ 
fect,  the  shallow  Na  acceptor  level  is  fillvu  by  one  of  the 
vacancy’s  two  electrons,  with  the  other;electron  occupy- 

ZnSc  Cation-site  Impurity  Levels 


ing  the  7,  Zn  deep  level  in  the  gap  (leaving  it  with  three 
electrons  and  three  holes).  There  if.  npp-type  conductivi¬ 
ty.  In  contrast,  the  same  situt  ii-^r.  in  ZnTe  leaves  the  two 
electrons  from  the  vacancy  .veupying  two  of  the  five 
empty  shallow  orbitals  of  b.nh  Na  and  Zn^,,  leaving 
three  thermally  ionizable  holes  and.p-type  conductivity. 
Therefore,  we  propose  that  ;p-type  conductivity  is  rather 
easily  achieved  . only  in.  ZnTe  of  the  common  Il-VI  semi¬ 
conductors  because  only  in  ZnT>:  is  the  antisite  defect 
Zn^t  a  shallow  acceptor  rather  thaii  a  deep  trap. 
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FIG.  1 1.  Prsdicted  deep  energy  levels  in  ihe  gap  ofZnSc  due 
10  5-  and  p*doped  subsiituiioharlmpurities  oh  the  Zn  site.  The 
impurities  arc  indicated  on  the  abscissa. 


FIG.  13.  Predicted  deep  energy  levels  in  the  gap  of  ZnSe  due 
to  5-  and  /^ponded  substiiuti^inal  impurities  on  ihe  Se  site.  The 
imrufities  are  indicated  on  :  abscJ^sa.  Al  (not  shown)  has  a 
similar  electronic  structure  to  Ga. 
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FIG.  14;  Predicted  deep  energy  levels  in  the  gap  ofZnSe  due 
io  s*  and  P'bonded  substitutional  impurities  on  the  Se  site.  The 
impurities  are  indicated  on  the  abscissa. 
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FIG.  16.  Predicted  deep  energy  levels  in  the  gap  ofZnte  jdiie 
to  s-  aiid  p'bohded  substiiutipnal  impurities  oh  the  Zh  site.  The 
impurities  are  indicated  on  the  abscissa. 


IV.  POTENTIAL  PROBLE.MS  WITH  THE  MODEL 

Two  concerns  that  we  have  about  the  theory  are  (i)  an 
explanation  is  required  of  why  ll.VI  semiconductors  oth^ 
er  than  ZtiTe  have  an  n'typt’doping  proclivity  and  (ii)  the 
omission. of  Coulomb  effects  from  the  theory  could  cause 
our  level  predictions  to  be  in  error  more  than  we  current¬ 
ly  believe. 

A.  n-type  doping 

If  the  antisite  defects  alone  occur  in  the  same  concen¬ 
trations  in  ZnSe  and :ZnTc, -then  one  must  e.xplatn  why 


.ZnSe  apparently  is  more  ^easily  doped  i:  type.  In  our 
model,  the  h-type  dopanu,  must  first  compensate  all  the 
•antisite  defects,  after  which  they  produce  donors— and 
the  physics  is  the  same  for  ZnSe  and  ZnTe.  However,  we 
sWpect  that  there  are  fewer  Znj,  defects  in  ZnSe  than 
comparable  antisite  defects  in  ZnTe,  basically  because  Zn 
is  more  similar  to  Te  than  to  Se,  both  in  its  atomic  size 
and  its  electronic  energy  levels.  Doping  the  semiconduc¬ 
tor  n  type  with,  uy,  Ga  could  exacerbate  such 
differences.  Therefore  we  believe  that  the  «-typc  doping 
differences  of  ZnSe  and  ZnTe  can  be  plausibly  explained. 
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EIG.  15.  Prcdicied  deep  energy  levels  in  the  gap  of  ZhTc  due 
to  S'-  and  p-bonded  subsiiiyiional  impurities  on  the  Zn  site.  The 
inv  -.rities  are  indicated  on  the  abscissa. 


FIG.  17.  Predicted  deep  energy  levels  in  the  gap  of  ZnTe  due 
to  s-  and  p-bonded  substitutional  impurities  oh  the  Zn  site.  The 
impurities  are  indicated  on  the  abscissa. 
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FIG;  18.  Predicted  deep  energy  levels  in  the  gap  of  ZnTe  due 
to  s*  and  p<bonded  substifutional  impurities  on  the  Zh  site.  The 
impurities  are  indicated  on  the  abscissa. 

B.  Coulomb  effects 

It  is  very  difficult’to  precisely  dc;erwine  the  Coulomb 
-effects  on  deep  Icvels  in  II-VI  semiconductors.  Therefore 
we  have  actually  executed  three  rather  different  theoreti¬ 
cal  calculations  which  generally  agree  that  the  position  of 
the.  Zoxe  deep  level  with  respect  to  the  ZriTe  valence- 
band  edge  is /about  0.2-0.5  eV  lower  than  the  energy- of 
the  Znjf  level  with  respect  to  the  ZhSe  band  edge  (in  any 
charge  state).  These  theories  do  mot  agree,  however,  on 
the  precise  location  of  the  neutral  Znx«  deep  level,  which 
the  present  theory  places  in  the  ZnTe  valence  band,  while 
the.  other  two  theories  place  the  level  near  midgap  (but 
with  a  theoretical  uncenainty  due  to.  finite  supercell  size, 
of  order  1  eV). 


FIG.  20.  Predicted  deep  energy  levels  in  the  gap  of  ZnTe  due 
to  S'  and  p-bonded  substitutional  impurities  on  the  Te  site.  The 
impurities  are  indicated  on  the  abscissa. 

The  first  calculations,  the  ones  we  have  described  here, 
are  based  on.  an  empirjcal:  tight-binding,  model  of  elec¬ 
tronic  structure,  and  incorporate  Couidmb  effects  only 
implicitly  in  the  parameters  of  the  model.  these  calculai 
tions  are,  strictly  speakingi  for  neutra!  defects  in  the  ZnSc 
or  ZnTe  host;  and  do  not  directly  consider  the  negative 
charging  of  Zn^*  as  the  holes  in  the  Zn  deep  levchbubbje 
up  to  the  valence-band  maximuih.  This  cha-ging  wiff 
cause  the  deep  level  to  move  up  in  energy  about  0.2-0.3 
eV  tor  each  additional  electron  trapped  in  the  deep  level^ 
(an  e.ffect  omitted  from  the  model) — hence  the  Znx,  level 
may  hioveinto  the  gap  after  the  first  or  second  electron  is 
trapped  on  the  Zn  (i.e.,  after  one  or  two  holes  "bubble 
up”  to  the  valence-band  maxlmum)-7^n.aking  Znj,  a  sin¬ 
gle  or  double  acceptor  rather  than  a  full  fourfold  accep? 
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FIG.  21.  Predicted  deep  energy  levels  in  the  gap  ofZnTt 

FIG.  19.  Predicted  deep  energy  level?  in  the  gap  of  ZnTe  due  to  >  and  p-bonded  subsiituiipnal  impurities  on  ths^  Te  site.  The 
to  J*  and  prbonded  sub^nhuiional  impurities  on  the  Zn  site.  The  impurities  are  indicated  on  tiie  rbscibsa.  AI  (noi.shdwjh)  has  a 
impurities  are  indicated  on  the  abscissa.  similar  electronic  structure  to  Ga. 
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FIG.  22.  Predicted  deep  energy  levels  in  the  gap  of'ZnTe  due 
to  f*  and  p'bonded  substitutional  jmpuiities  on  thVTe  site,  ^e 
•impurities  are  indicated.on  the  abscissa.. 
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FIG.  23.  Illustrating  (a)  self-compensation  in  the  presence  of 
a-Zns,  defect  in  ZnSc  and;:(h>'-*’»»  '‘  self-compensation”  by  Zny* 
in  ZnTe;  The  self-compe» ,  ...  '.chanism  assumes  that  dop¬ 
ing  with  an  acceptor  such  as  Naj.  leads  to  production  of  a  com¬ 
pensating- double-donor  anion- vacancy.  For  simplicity  we  as¬ 
sume  that  there  are  only  three  defects:  Na2„,'  the  .'inidh  vacancy 
and  the  Zn-anti$ites  Znj,  and'ZnT,.  In  both  cases,  an 
electron  (solid  circle)  from  the  anior.  vacancy’s  shallow  donor 
level  compen-ates  (solid  lines)  the  hole  (open  triangles)  of  the 
Naz,  defect’s  shallow  acceptor  level,  "njc  remaining  vacancy 
electromis  trapped  (dashed  lines)  (a)  by  the  Znse  deep  level,  in 
ZhSe  or  (b)  by  the  shaliovysacceptor  lev-l  in  ZnTe.  because  the 
holes  of  the  Zn^-,  deep  T-  level-have  buobled'up  (wiggly  lines)  to 
the  shallow  acceptor  level.  The,  remaining  three  holes  in  the 
Znj,  shallow  level  are  thermally  ionizable  in  ZnTe.  render  the 
self-compensation  by  the  vacancy  impotent,  and  dope  the  ma¬ 
terial  p  type,  whereas  the  holes  in  the  deep  level  of  ZnSe  are  not 
thermally  ionizable,  so  that  the  Znj;  level  traps  both  electrons 
and  holes,  reducing  conductivity. 


:tbc..  ■^usaheiquaiitatjve;pbysic§vgoverriing,'dppirigf^r6r . 
-clivijty  wilftM  the  same;  ajifip'ugh'  /thimuWber  ofT  free- 
•^Holcs^cT' 4Xf«$t:>'’illibfe>sniaUcf ,  :s.p^^ 
of  ihe  -.ncytraf  2hxj  "4efcci  ’is:^',cor 
-beipUv{hcn*4ehce4a^^^^  •  . 

■Hie;  second’  a^  thjrd’’  theories  are  |pca1-dehslty- 
theories  for.ta*defect.';ih;a.supcrcel|'oC'finite'riie.  and  ^ 
duces.'jevcls  for  the.neutral  dcfect.Znje  somewhaV.Kighcf 
thah/the-lcyeis  of  The  present  theory;  However, :4ue  to 
•thefinite.s|zeoflhesupercclis,ithe:predicted;lcv4ls'are<ac- 
tu'aliy  4ands,  of  vdfder  T  eV-  wide.  Fuftheripore  local- 
density  ^theory  is,  known  to  , produce  incprrect  band" 
gaps~ahd;t4is  can-lead  to  eirrore-in  deep-lcvej  ener4ies.’*; 

7rhe>'Secphdjthepry4s‘'  Ike  tight-bthdihg4ike  yersiph  <df 
l^aj-dehsity  theory'  discussed  .by-^  Jansen-  and;  Sarikey,’" 
while  'the :  thirds  is  a  spscudpfunciidh’’  'impletneri  t  atioh '  pf 
Ipcalrdehsity  theory.  We  ifexecuted- the  pseuddfunctioh 
cajculatiohs  .for  superceiry  of.AV^'lfi  and  Af,'=32'atonis, 
and: fouhd.Hhat  (relative  to  the-  valence-band  maximum) 
the  deep  Icvel  movedidownun  energy  with  increasing  su- 
perceil "  sizc.iM 'the-’level’s  width  decreased.  Perhaps  the' 
iocai-dehsity-thepfy,  levels  of  Zn-j-t  .wpuld=.aiso  lie.  ia  the 
valence  band  if  the  supercel!  rize.  wefe^inefeased  until 
convergence  vyere  achieved. 

We  conclude  on  the  basis  of  these  thtories. that  we  can¬ 
not  definitively  place  the  neutral  Znx«  .decp  level  below 
the  Zny*  valence-band,  maximum~nor  can  we  place  it  in 
the  gap  definitively.  Therefpfe  the  issue  of  the  location  pf 
this  level  will  have  to  be  determined  experimentally; 

In  this  regard  we  note  that  Li  doping  produces  a  mys¬ 
terious  deep  level  In  ZnSe  just  above  the  valence-band 
maximum;,  and  no  corresponding  level  in  the  gap  of 
ZnTe~as  the  present  (first)  theory  predicts.  While  this 
fact  lends  credence  to  the  present  theory,  it  does  not 
confirm  the  theory  unambiguously  (because  the  nature  of 
the  Li-related  defect  is  unknown). 

We  conclude  that  there  is  good  circumstantial  evidence 
for  the.  Zny,,  defect  yielding  a  dti-r  lcvel  in  the  valence 
band  of  ZnTe,  the  kind,  of  deep  level  needed  to  explain 
the  prtype  doping  proclivity  of  ZnTe.  "Hie  case  is  not  air¬ 
tight,  appears  to  be  unresolvable  by  theory,  and  calls  for 
careful  experimental  investigation.  In  particular,  careful 
studies  of  the  dependence  of  doping  proclivity,  on 
stoichiometry  and  on  alloy  composition  in  ZnTe|_i‘Se, 
might  confirm  or  e.xclude  the  present  model,  (Note  that  a 
rather  sudde::  chance  in  doping  proclivity  as  a  function 
of  alloy  comeat  X  is  implied  b;  the  present  model.) 

V,  SU.MM.ARY 

The  viewpoint  presented  here  is  admittedly  somewhat 
dvefsimplified  in  theintciest  o:  illustrating,  the  essential 
physics  of  the  problem.  Nevertheless  we  hope  that  efforts 
to  test- this. rimple  picture  will  be  atteinpted  because,  if 
the  ,  picture  is  correct  as  we  believe,  then  schemes  for 
overwhelming  the  p-type  doping  problem  in  some  other 
II-VI  semiconductors  than  ZnTe  will  be  feasible.*  Two 
obvious  schemes  are  (i)  to  grow  ZnSe  under  conditions 
unfavorable  to  Zn^^  formation,  and  (ii)  to  eng::ieer  the 
electrcaic  structure  of  a  perturbed  \>ersio::  of  ZnSe  so 
that  the  antisite  defect’s  deep  level  is  resonant  with  the 
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valehceiband.  .,  ; 

/ ,  Rirally- gbr  dhly  on  the  dc* 

fcurr'cnce-ordcficts;  wi(KfdM  structures. 

siihiiartp  th6sC'predicwd'foy  .the)Zn43hd;Li)  antisite.de* 
ifects.  fhe^rnodehfdr  theip-4ype\ddpihg'wnll.sUIl  be 
<if  another  defect;has:si.milareiectronjc.structufei'ih<2nSb 
and  irite-  Furtherrhore  the  model  does?not  rely  in  any 
way  pn  a  detailed  picture  of  the'“self-cornpehsatibn’'  pro*, 
cess  or  a  knowledge  of  the  detailedsforces  on  defects. 
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Scanning  tunneling  microscope  images  of  native  antisite  defwts  at  the  relaxed  ( 1 10^)  surface  of 
ZnSe  are  predicted.  The  images  of  a  particular  sample  depend  on  the  rign  of  the  voUage  bias  and 
the  voltage  sweep  of  the  sample  relative  to  the  microscope  tip,  and  whether  that  sweep  causes  a 
deep  level  to  actively  participate  in  the  tunneling.  Under  certain  conditions  the  images  give  the 


appearance  of  two  defects  at  incorrect  sites. 


I.  INTRODUCTION 

In  this  paper  we  report  the  .]rst  theoretical  scanning  tunnel¬ 
ing  microscope  (STM)  images  of  surface  antisite  defects  on 
the  ZnSe(  1 10)  surface.  This  work  was  stimulated  by  mea¬ 
surements  imaging  II-VI  semiconductor  surfaces  by  scan¬ 
ning  tunneling  microscopy,'  following  earlier  experiments 
on  GaAs.^'^  We  follow  the  theory  of  Tersolf  and  Hamann^ 
who  have  argued  that  an  ideal  STM  obtains  an  image 


X  (/.6.R15(£  -  H)  {i,b.R)  1^,  (r  -  R  -  v* )  (I 

Here  we  have  SiE  —  H)  =  (  —  l/tr)  Im  G(,E  +  iO)  where 
iO  is  a  positive  imaginary  infinitesimal  and  G  is  the  Green’s 
function  for  the  relaxed  ( 1 10)  surface.  The  index  i  ranges 
over  the  basis  orbitals,*  with  the  values  s,  Px>PytPt>  and  s* 
(an  excited-state  orbital*);  the  position  of  an  atom  is  de¬ 
noted  by  its  unit  cell  R,  and  its  site  in  the  cell,  where  b 
denotes  either  anion  or  cation.  The  ^,(r  — R  — v^)  are 
Lowdin  orbitals  centered  on  R  -r  v^,.  Electrons  tunnel  from 
the  tip  to  the  ZnSe  conduction  band  when  the  sample  is  bi¬ 
ased  positive;  and  we  integrate  from  a  =  £<,  (the  conduc¬ 
tion-band  edge)  XoP  =  E^  +  Eq,  where  £„  is  typically  1  eV, 
and  add  in  the  contribution  from  any  empty  deep  levels  in 
the  gap  that  lie  within  the  range  of  the  voltage  sweep.  A 
negatively  biased  ZnSe  sample  relative  to  the  tip  senses  elec¬ 


trons  below  the  valence-band  maximum  E„,  and  we  inte¬ 
grate  from  a=‘E„  —Eq  Xo'P  =  E„,iiid  add  in  the  contribu¬ 
tion  of  any  occupied  deep  levels  in  the  gap  within  the  range  of 
the  voltage  sweep.  Here  we  compute  the  STM  image  ob¬ 
tained  by  measuring  the  current  I  for  a  tip  at  a  fixed  distance 
z  above  the  plane,  which  corresponds  to  the  plane  of  the 
unrelaxed  (110)  surface.  In  the  present  work,  we  use  the 
typical  value  z  =  5  asohr.  where  floohr  =  0-53  A,  and  sum  R 
over  25  unit  cells  on  the  surface.  (Subsurface  contributions 
are  negligible.) 

Our  calculations  of  STM  images  employed  established^ 
empirical  tight-binding  Hamiltonians  and  H  *•''•’  to  repre¬ 
sent  the  relaxed  perfect  and  defective  ZnSe(llO)  surfaces, 
respectively.  The  relaxation  consisted  of  a  rigid  rotation  of 
the  anions  up  out  of  the  surface  plane  through  an  angle 

=  25.6*.  Details  of  the  calculational  method,  which  is 

based  on  the  ideas  of  Vogl  et  al.,^  Hjalmarson  et  al.f  and 
Allen  et  are  available  elsewhere.'* 

II.  RESULTS 
A.  Perfect  surface 

Ths  images  calculated  for  the  perfect  relaxed  ( 1 10)  sur¬ 
face  of  ZnSe  are  given  in  Figs.  1  and  2  and,  as  expected,  show 
bumps  at  the  Se  and  Zn  sites,  for  negative  and  p>ositive  bias 
(of  the  sample  with  respect  to  the  tip),  respectively. 


Fig.  1.  Predicted  STM  image  Hx.y,z)  fora  relaxed  perfect  ZnSe(  1 10)  sur¬ 
face  ttith  a  tip-sample  distance  z  — 5  Ou*,,  under  negative  bias.  Note  that 
the  Se  atoms  arc  prominent.  The  units  in  the  jr-  aiidy-direciions  are  A. 


Fig.  2.  Predicted  STM  image  for  a  rela.\ed  perfect  ZnSef  1 10)  .sur¬ 

face.  under  positive  bias.  Note  that  the  Zii  atoms  are  prominent. 
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Fig.  5.  Predicted  STM  image /(.v^y.j)  for  a  relaxed  ZnSe(  1  !0)  surface  with 
FtG.3.  Predicted  STM  image fora  relaxed  ZnSe(  1 10)  surface  with  aSej.„  defect  at  the  origin,  under  negative  bias  such  that  the  deep  level  lies  in 

a  Zns,  defect  at  the  cross,  under  negative  bias  such  that  the  deep  le\;t!  is  not  tunneling  region  (see  the  inset ).  Note  the  two  peaks  at  adjacent  Se  sites, 

in  the  tunneling  region  (see  the  inset).  Note  the  depression. 


B.  Defective  surface 

The  images  of  defective  surfaces  depend  on  the  bias  condi¬ 
tions,  band  bending,  and  the  Fermi  energy.  Here  we  discuss 
some  representative  images. 

/.  Ztts0 

When  the  Zn  on  Se-site  antisite  defect,  Zns*,  is  present  at 
the  surface,  it  produces  an  empty  deep  level,  capable  of  con¬ 
taining  two  electrons,  =1.18  eV  alxjve  the  valence-band 
maximum  at  the  surface.  Under  negative  bias,  if  the  deep 
level  is  unoccupied,  electrons  from  the,ZnSe<,valcnce  band 
produce  a  tunneling  current  and  Znse  is  visible  as  a  slight 
depression  at  its  site  (Fig.  3).  Under  positive  bias  such  that 
the  deep  level  is  unoccupied  but  resonant  with  the  tip’s  Fer¬ 
mi  sea,  two  small  peaks  emerge  at  the  sites  adjacent  to  the 
surface  defect  site  (Fig.  4).  The  qualitative  features  of  the 


image  are  sensitive  to  the  surface  deep  level  structure  and 
depend  on  the  sign  of  the  bias  Voltage. 


2,  Sffzn 

The  Sezn  antisite  defect  behaves  somewhat  differently 
when  imaged.  The  neutral  surface  defect  has  a  doubly  occu¬ 
pied  deep  level  =0.42  eV  above  the  valence-band  edge  at  the 
surface,  which,  when  above  the. tip’s  Fermi  energy,  produces 
a  two-peaked  image — with  the  peaks  at  neighbors  to  the  de¬ 
fect.  (See  Fig.  5.)  This  happens  because  the  neighboring  Se 
atoms  have  rotated  up  out  of  the  surface  and  are  closer  to  the 
tip  and  because  the  efect’s  electronic  state  has  an  antibond¬ 
ing  character,  placing  significant  wave  functipn  amplitude 


Fig.  6.  Predicted  STM  image  l{x.y.z)  for  a  relaxed  2nSe(  1 10)  surface  wiih 
Fig.  4.  Predicted  STM  image  !{x^\z)  fora  relaxed  ZnSei  1 10*  surface  with  a  Se/„  defect  at  the  origin  .v  ~  =  0.  under  positive  bias  such  that  the  deep 

a  defect  at  the  cross,  under  positive  bias.such  that  tunneling  into  the  level  is  not  in  the  range  of  lunnelingenergies  (see  the  inset).  Note  the  slight 

deep  level  occurs  (see  the  inset).  Note  the  f»vo  peaks  at  adjacent. Zn  sites.  depression  at  the  defect  .site. 
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on  the  neighboring  atoms.  Finally,  a  positive  bias  as  in.Fig.  6 
leads  to  a  slight  depression  at  the  defect  site;(Fig.  6). 

111.  SUMMARY 

We  find  that  the  ideal  STM  images  of  antisite  defects  are 
not  always  bumps,  but  sometimes  are  depressions  or  even 
two-peaked  structures — depending  on  (i)  whether  or  not 
the  voltage  sweep  causes  the  defect’s  deep  levels  to  partici¬ 
pate  actively  iti  the  tunneling  and  (ii)  the  proximity  of  the 
defect  to  the  tip.  These  facts  complicate  the  analyses  of  STM 
ciata,  and  indicate  that  careful  experiments  combined  with 
careful  analyses  are -necessary.  These  complications  are  in 
fact  advantages,  however,  because  they  will  help  in  the  iden¬ 
tification  of  surface  defects. 
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The  standard  n-type  dopant  Ga  is  predicted  to  change  its  character  from  a  shallow  donor  to  a- 
deep  trap  with  increasing  alloy  composition  in  Zn,  _  ,  Mn,  Se,  As  a  result,  Ga-doped 
Zn,  _  ,  Mn,  Se  alloys  should  be  n  type  for  very  small  x,  but  not  for  Mn*rich  materisil. 


ZnSe  is  a  wide  band-gap  II-VI  semiconductor  that  is 
rather  easily  doped  n  type,'  but  has  been  extremely  difficult 
to  dope p  type  until  recently.?-’  the  standard  n  dopant  is  Ga, 
which  occupies  a  cation  site.  In  thit  letter  we  consider  the  Ga 
doping  of  Zn,  _,Mn,Se  alloys  and  predict  that  there  exists 
a  critical  value  of  the  Mr.  composition  x,  x^,  such  that  for 
x>Xf  Ga  will  not  be  a  donor  in  Zn,  _;,Mn,Se  and,  hence, 
will  not  dope  Zni  _  ,  Mn ,  Se  « type. 

Our  predictions  arc  based  on  the  concept  of  a  shallow- 
deep  transition  in  which  a'.i  s-like/<|  symmetric  “deep"  level 
of  Ga  lies  above  the  conducticn-band  edge  of  ZnSe,  donating 
its  extra  electron  to  the  conduction  band  (see  Fig.  1).  With 
increasing  alloy  composition  x,  the  conduction-biind  edge 
moves  up  in  energy  with  respect  to  the  Ga  .4 ,  deep  level  and 
passes  through  it,  leaving  the  level  as  a  trap  in  the  gap  capa¬ 
ble  of  capturing  a  second  electron  of  opposite  spin  (and  re¬ 
moving  a  carrier  from  the  conduction  band). 

The  theoretical  predictions  for  the  energy  of  the  Ga  deep 
level  as  a  function  of  the  Mn  concentration  x  are  given  in  Fig. 
2,  along  with  the  conduction-band  edge's  dependence  on  x, 
torx  <.Xf ,  Ga  is  a  donor  and  an  n-type  dopant,  but  forx  >  x^ 
neutral  Ga  is  a  deep  trap.  The  theory  is  basically  the  Hjal- 
marson  etal.  theory  of  substitutional  deep  impurity  levels.^- 
modified''^  to  account  for  the  d  states  of  .Mn  (which  do  not 
play  a  significant  role,  because  the  spin-up  d  states  lie  well 
below  the  valence-band  maximum  and  the  spin-down  states 
are  well  above  the  conduction-band  edge'*).  The  theoretical 
uncertainty  in  the  predicted  deep  level  energy  for  the  Hjal- 
.marson  model  is  typically  a  few  tenths  of  an  electron  volt, 
and  so  the  predicted  value  of  x^  —  0.09  may  be  uncertain  by 
about  0.05.  Nevertheless,  the  Hjalmarson  model  has  a  long 
history  of  successfully  predicting  chemical  trends,  and  the 
qualitative  dependence  of  the  Ga  level.on  alloy  composition 
(Fig.  2)  should  certainly  be  observed;  The  major  implica¬ 
tion  of  the  prediction  is  that  growing  Mn-rich,  Ga-doped,  /i- 
type  Zni_j,Mn,Se  should  be  very  di.^.cult,  ever,  though 
Ga-doped  ZnSe  itself  is  normally  n  type.  Other  column  III 
dopants  should  exhibit  this  same  behavior,  although  x^  will 
be  slightly  larger  by  about  0.03-0.04  for  the  heavier  atoms  In 
orTl. 

Such  shallow-deep  transitions  of  deep  levels  are  well 
known  in  semiconductors  and  profoundly  alter  the  electrical 
or  optical  p."jper:iesiuf  the  host.  Perhaps  the  'oest-studied 
case  is  .Vin  GsAs. .  which  produces  an  isoelectronic 
deep  level  in  the  gap  for;r>  0.2,  but  moves  into  the  conduc¬ 
tion  band  for  As-rich  material..x  <  0.2.  '  This  ;V  level  plays 
ap  omine.nt  role  in  the  electroluminescence  of  Ga.Aj; , 

The  DX  center  in  Al^  Gaj  _ ,  .A.s  is  another  case.  Th:s  center, 
which  is  very  likely  associated  with  Si  or  a  similar  do¬ 


nor,'*’'^"'*  descends  from  the  conduction  band  of  GaAs,  into 
the  gap  with  increasing  x,  much  as  Ga  does  in 
Zn,  _  ,  Mn,  Se.  The  DX  center  is  technologically  important 
because  it  limits  the  fabrication  of  high  electron  mpbility 
transistors  (HEMTs). 

The  experimental  evidence  supporting  the  prediction  of 
a  Ga  shallow-deep  transition  in  Zn,  _,Mn,Se  is  presently 
fragmentary  and  qualitative:  Ga  dopes  ZnSe  n  type  but  Ga 
doping  of  Zn,  _  ,  Mn,  Se,  even  with  only  moa;st  amounts  of 
Mn,  has  not  yielded  a  significant  number  of  carriers.'*  Sys¬ 
tematic  studies  of  Zn ,  _  ,  Mn,  Se  alloys  are  needed  to  test  the 
picture  presented  here. 

One  possible  way  to  test  the  theory,  is  to  apply  hydrostat¬ 
ic  pr.-rasure  to  Ga-doped  Zn,  _  ,  M.n,  Se  and  monitor  the  car¬ 
rier  density.  For  pressures  of  30  kbar,  the  conduction-bar. - 
edge  should  move"’’'’  a'oove  the  Ga  deep  level  for  a:  >  0.07, 
causing  an  abrupt  drop  in  the  number  of  carriers. 
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»  VBM  .  .  ■■  ’VBM 

ZnSe:Ga  Zn^  5MnQ  ^SeiGa 
Donor  Trap 

(a)  ih) 

FIG.  1.  Schemaiic  illustration  of  the  shallo’A-Klecp  transition  of  Ga  in 
2n».  ,.Mn^Sc.  (a)  Forj:  =  0.theGa.4t  symmetric  deep  level  is  resonant 
with  the  conduction  band.  The  extra  eI«rciror;  ns.\ociated  with  this  column 
III  impurity  on  a  column  1 1  site  spills  out  i'’  •tivu'^el  and  falls  to  the  conduc¬ 
tion-band  ^ge.  ionizing  the  Ga.  The  O.uu.mo  poieniiai  of  the  ionized  Ga 
then  binds  the  electron  in  a  hydrogens,  j  ..Irw  donor  state  (at  zero  tem¬ 
perature).  (b)  ror.t>-y,.  the  deep  stru'  nc*  m  the  funoamcntal  band  gap 
with  the  conduction-band  edge  at  higii*:;  energy,  and  th.  ncutrai  Ga  deep 
level  contains  one  electron  (circle)  and  one  hole  (tnangie:.  -.nd  can  trap  an 
clectr;*"  of  opposite  spin,  depleting  a  carrier  from  the  conduction  band.  The 
energy'  scale  of  this  diagram  is  distorted  for  illustrative  purposes. 
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.  a-type  semMiisuiating 


X  a 

FIG.  2,  Predicted  energies  (in  electron  volts)  of  the  conduction-band  edge 
(light  solid  line)  and  the  cation-site  Ga  deep  level  (heavy)  vs  alloy  compo¬ 
sition  X  in  Zni .  « Mn«  Se.  For  x  <x^,  the  Ga  deep  level  is  autoionized  and 
the  extra  electron  is  trapped  in  the  U  hydrogenic  shallow  level  (dashed)  at 
zero  temperature.  Thermal  excitation  of  this  level  causes  the  material  to  be 
ntypc.Forx>.r,.Gaisadeeptrapand tends tomakeZn,  .  ,Mn,Sescmi- 
insulating. 


We  believe  that  shallow-deep  transitions  .such  as  the  one 
described  here  play  a  significant  role  in  tbt*  doping  problems 
e.xpcrienced  by  II-VI  semiconductors.  Subsequent  work  will 
deal  with  the  complexities  ofp  doping  and  propose  schemes* 
based  on  the  idea  of  shallow-deep  transitions*  for  achieving 
p-type  conductivity  in  ZnSc.  We  hope  that  the  picture  we 
have  presented  here  will  be  tested  experimentally. 
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It  is  predicted  that  thin  quantum-well  superlattices  or  spike  super' uttices  of  GaAs  in  ZnSc  will 
produce  band  gaps  in  the  yellow-green,  and  that  (GaAs) ,  (ZnSe),  spikes  will  lead  to  green 
and  blue-green  gaps.  These  thin  quantum-well  structures  should  have  better  doping  properties 
than  ZnSe  for  x  <  0.6. 


I.  INTRODUCTION 

Diffraction-limited  optical  storage  on  compact  disks 
has  stimulated  the  quest  for  light  emitters  with  short  wave¬ 
lengths  in  the  green-to-blue  portion  of  the  spectrum.  The 
semiconducting,  materials  most  often  considered  for  such 
applications  are  Il-VI  compound  semiconductors'  and  N- 
based  III-V  semiconductors,  such  as  In',  _  ,  GUj,  N.*  The  N- 
based  III-V’s  are  difficult  to  grow  and  dope,  and  have  unde¬ 
sirable  large  shallow  acceptor  binding  energies,  whereas  the 

II- Vr'-^gcnerally  suffer  from  the  “doping  problem";  it  has 
been  very  difficult  to  dope  most  II-VI's  p  type,  with  the  ma¬ 
jor  e.\ception  being  ZnTe,  which  resists  n  doping.  While 
there  have  been  some  recent  advances  on  the  II-VI  doping 
problem,^*''  one  cannot  avoid  wishing  that  a  well-understood 

III- V  semiconductor  such  as  GaAs  had  a  band  gap  in  the 
green  or  blue,  a  material  that  is  dopable  both  n  and  p  type, 
and  integratable  in  p-n  junctions  and  artificial  microstruc¬ 
tures.  The  purpose  of  this  paper  is  to  predict  that  thin  GaAs 
layers  or  “spikes”  embedded  in  ZnSe  should  have  band  gaps 
in  the  yellow-green,  and  that  interdiffusion  of  the  GaAs 
spikes  with  the  ZnSe  should  increase  the  band  gap  to  the 
blue-green.  Furthermore,  we  shall  argue  that  the 
( GaAs) ,  _  j,  (ZnSe)j,  spikes  for  x  <  0.6  will  be  largely  free  of 
the  doping  problems  that  have  traditionally  limited  ZnSe 
and  other  II-VI  semiconductors. 

II.  BAND 

Our  approach  is  based  on  the  theory  of  the  electronic 
structure  of  superlattices  and  deep  levels  in  superlattices.^ 
We  consider  A(,pi,^,yVz„s,(001](GaAs),_,(ZnSe,)/ZnSe 
superlattices  where  A  is  small,  typically  less  than  10,  and 

is  large,  typically  10  or  greater.  (A  1 X  lOGaAs/ZnSc 
superlattice  consists  of  one  two-atom-thick  layer  of  GaAs, 
alternating  with  10  layers  of  ZnSe.)  The 
( GaAs) ,  _  j,  (ZnSe)j,  is  treated  in  the  virtual  crystal  approxi¬ 
mation.’  These  superlatticcs  are,  for  ail  intents  and  pur¬ 
poses,  lattice  matched;  hence,  their  theoretical  treatment  is 
the  same  as  for  GaAs/Al^Ga,  ..,As  superlattices.*""*  The 
GaAs/ZnSe  valence-band  offset  has  been  measured  to  be 
0.96  eV,"  and  is  assumed  to  be  a  linear  function  of  alloy 
composition  x.  The  parameters  of  the  superlattice  Hamilto¬ 
nian  are  known  for  GaAs  and  ZnSe,'*  but  we  update  the 


ZnSe  parameters  here  to  account  for  the  determination  of 
the  (low-temperature)  ZnSe  band  gap  at  f  of  2.8  eV. 

The  resulting  band-gap  predictions  for  selected  values  of 
Afjpikc  and  x,  with  =  10,  are  given  in  Fig.  1.  The  gaps 
are  direct,  with  the  superlattice  conduction-band  minimum 
at  the  r  point  of  the  mini-Bnllouin  zone;  the  quantum  well  is 
Type  I:  The  superlattice  conduction-  and  valence-band 
edges  lie  at  energies  within  the  fundamental  band  gap  of 
ZnSe.  Hence,  the  spikes  should  meet  the  conditions  for  lumi¬ 
nescence;  (i)  the  carriers  will  thermalize  to  the 
(GaAs), (ZnSe),  layers  of  the  material;  and  (ii)  elec¬ 
trons  and  holes  will  have  the  same  wave  vectors  and  there¬ 
fore  satisfy  the  crystal-momentum  selection  rule  for  recom¬ 
bination. 

Having  a  direct  bandfgap  is  a  necessary,  but  not  suffi¬ 
cient,  condition  for  a  semiconductive  light-emitting  diode 
material.  In  addition,  the  semiconductor  must  be  dopable 
both  n  and p  type.  This  is  not  a  problem  in  bulk  GaAs,  but  is 
in  ZnSe,  which  is  difficult  to  dope  p  type.  The  cause  of  the  p 
doping  problem  in  ZnSe  is  thought  to  be  a  distribution  of 
deep  hole  traps  within  ~0.3  eV  of  the  valence-band  maxi¬ 
mum.  '*  Therefore,  if  our  spike  superlattices  are  to  be  doped^ 
type,  those  deep  lc'’els  must  be  covered  up  by  the  superlattice 
vale^vC-band  so  that  they  cease  trapping  holes.  To  achieve 
this,  the  superlattice  must  have  its  valence  band  maximum  at 
least  0.3  eV  above  the  valence  nsuximum  of  ZnSe  (see  Fig. 
2 ) .  This  implies  normally  that  x  must  be  less  than  O.S  and  the 
wells  must  have  widths  corresponding  to  A',p,ie  =  2  or  more 
diatomic  layers. 

The  energy  band  lineups  are  displayed  in  Fig.  3  for 
1 X 10  GaAs/ZnSe.  Note  that  most  of  the  band  offset  is  in 
the  valence  band,  and  that  the  energy  of  the  conduction  band 
edge,  when  measured  relative  to  the  ZnSe  valencc-band  edge 
(Fig.  2),  is  relatively  independent  of  layer  thickness  and  al¬ 
loy  composition.  Therefore,  by  altering  the  alloy  composi¬ 
tion  of  the  (GaAs) ,  _  ,  (ZnSe) .  we  arc,  in  effect,  tuning  the 
absolute  valence-band  energy.  With  this  approach  we  can 
cover  up  deep  levels  that  might  othenvise  trap  lioles  and 
adversely  affect  ‘l.c  p  doping  of  the  material.  Once  covered, 
any  holes  in  the  deep  levels  are  autoionized  and  become  car¬ 
riers.  This  method  for  eliminating  deep  traps  has  been  pro¬ 
posed  for  doping  ZnSe  p  type,  and  explains  the  relative  ease 
with  which  ZnTe  can  be  doped p  type  (in  contrast  w’ith  most 
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FIG.  1.  Predicted  band  gaps  (in  eV)  of  X 10  (GaAs) ,  _ ,  (ZnSe);,/ 
ZnSe  superlattices  vs  .  Gaps  for  Jt  =>  0, 0.25, 0.5,  and  0.75  are  denoted 

by  open  squares,  open  triangles,  closed  squares,  and  closed  triangles,  respec¬ 
tively. 


Other  II-VI  semiconductors).'* 

The  ZnSe,  when  interdiffused  with  the  GaAs,  will  pro¬ 
vide  GaAs  with  both  donors  and  acceptors,  and  in  the  ideal 
limit  will  yield  perfectly  compensated  material.  By  carefully 
controlling  the  growth  conditions,  it  should  be  possible  to 
dope  the  spike  either  n  type  or p  type  with  Se  or  Zn,  which  are 
shallow  acceptors  and  donors  in  GaAs.  It  should  even  be 
possible,  with  masking,  to  fabricate  a/^-n  junction  in  a  single 
spike. 

Impurities  that  normally  do  not  adversely  affect  GaAs 
can  be  problems  in  spike  GaAs.  Because  the  GaAs  band  gap 
has  been  widened  so  much,  impurities  that  were  shallow  do¬ 
nors  or  acceptors  in  Gi^s  might  become  deep  traps  in  the 
spike  superlattices.  Such  shallow-deep  transitions  have  been 
observed  in  III-V  alloys.  For  example,  an  anion  site  A' impu¬ 
rity  in  GaASi  Pj,  produces  a  deep  level  resonant  with  the 
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FIG.  3.  Energy-band  alignments  for  a  1 X 10  GaAs/ZnSe  (001 1  superlat¬ 
tice.  The  band  gaps  of  ZnSe,  GaAs,  and  the  superLutice  (SL)  arc  2.8, 1.55, 
and  2.32  eV,  respectively.  The  superlatiicc  band  edges  are  denoted  by 
dashed  lines.  The  zero  of  energy  is  the  valence-band  maximum  of  bulk 
ZnSe. 


conduction  band  in  GaAs,  which  becomes  uncovered  as  the 
gap  widens  in  those  alloys,'*  so  that  A  becomes  a  deep  trap. 
Similar  behavior  has  been  observed  for  the  donor  Sio,  (and 
the  related  DX center)  in  Al^^Ga,  _ ,  As.'’  However,  we  do 
not  find  such  behavior  for  Si  or  N  in  our  spike  superlatt'ces, 
mostly  because  the  conduction-band  edges  in  these  superlat¬ 
tices  are  so  independent  of  layer  thickness  and  alloy  compo¬ 
sition.  Nevertheless,  some  levels  near  the  valence-band  max¬ 
imum  do  undergo  such  a  shallow-deep  transition.  For 
example,  Zn.nion  a  deep  trap  in  the  quantum  well  of  a 
lx  10  GaAs/ZnSe  superlattice  (see  Fig.  4)  but  lies  in  the 
valence  band  of  bulk  ZnSe.  Finally,  the  native  point  defects, 
the  antisite  defects  SeQ, ,  Zn^^, ,  and  Aso, ,  and  the  vacancies 
Vao,  and  Va^,  can  produce  deep  levels  in  the  superlattice 
gap,  as  shown  in  Fig.  4,  and  contro'  of  their  concentrations 
may  be  required. 


Deep  levels  in  GaAs  layer 
1x10  GaAs/ZnSe  [001]  superlaMlce 
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B«nd  Edgtt 


FIG.  2.  Predicted  conduction-  and  valcncc-band  edges  (in  :V)  for 
•^’>p.keXl0(GaAs),.,  (ZnSe)jj/2nSe  sunorlauices,  for  various  x,  using 
the  notation  of  Rg,  1 .  Ndc  that  the  major  variations  c  in  the  valence  band. 
The  zero  of  energy  is  the  valence-ban#  * *  imum  of  bulk  ZnSe.  The  materi¬ 
als  with  valence-^nd  maximum  ab<ivo  *•* :.  ^ ‘hould  not  be  plagued  by  *he 
p  doping  problems  experienced  by  ZnSe  (see  Ref.  15). 
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FIG,  4.  Native  defect  deep  levels  in  or  near  the  band  gap  of  IXIO 
GaAs/ZnSe  for  (a)  the  cation  site  and  (b)  the  anion  site,  Va  denotes  a 
vacancy.  Open  triangles  (closed  circles)  dei.*  holes  (electrons)  occupy¬ 
ing  the  deep  levels  for  a  neutral  defect.  For  the  As-site  vacancy,  the  electron 
In  the  deep  level  above  the  conduction  hand  edge  is  autoiontzed  and  falls  to 
the  conduction-band  ('dge,  becoming  a  shallow  donor  electron.  Similarly, 
the  Ga,v^  holes  bubble  up  to  the  valence-band  maMinum.  Theze.»‘o  of  energy 
is  the  valence-band  maximum  of  bulk  ZnSe. 
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111.  SUMMARY 

The  theory  presented  here  should  be  quite  reliable.  A 
similar  theory  of  1 X 1  GaAs/AlAs  [001  j  superlattices  pre¬ 
dicted  a  band  gap  of  2. 1  eV,  in  comparison  with  the  experi- 
niental  value  of  2  eV.  Thus,  the  band-gap  predictions  are 
likely  to  have  an  uncertainty  only  of  order  0.1  eV. 

Another  theoretical  study  of  GaAs/ZnSe  [001  ]  super¬ 
lattices,  based  on  our  electronic  structure  model  ‘  ^  ( but  with¬ 
out  the  new  parameters  *■* )  has  been  presented,  with  similar 
results  to  ours  for  .x  =  0.  However,  that^theory  was  directed 
toward  the  core  exciton  problem  rather  than  short  wave¬ 
length  light  emission,  and  did  not  consider  the  possibility  of 
modifying  the  GaAs  in  order  to  achieve  blue-green  lumines¬ 
cence. 

We  hope  that  these  theoretical  predictions  will  stimu¬ 
late  efforts  to  grow  ZnSe  with  GaAs  spike  quantum  wells, 
While  such  growth  will  require  great  skill,  it  sHbuld  be  feasi¬ 
ble. 

Finally,  we  note  that  even  larger  band  gaps  should  be 
achievable  with  (GaAs)i_;^(ZnSe)^  spikes  in 
Zn,.^Mn,,Se.2° 
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We  have  used  the  pseudofunction  method  to  compute  self-consistent  spin-polarized  energy  bands 
for  La2Cu04.  The  ground  state  is  found  to  be  semiconducting  and  antiferromagnetic  (AF)  with  a 
moment  of  0.35/ij.  The  net  moment  resulting  from  the  occupation  (if  82  itinerant  bands  is  localized 
on  the  Cu  atoms  only.  Our  results  agree  with  experiments  in  which  La2Cu04  is  found  to  be  semi¬ 
conducting  and  AF  with  a  moment  on  the  Cu  atoms  of  (0.3S±O.OS)/xj  (neutron  scattering)  or  in  the 
range  0.2/ij  to  0.6/ij  (muon-spin  resonance).  Sr  is  found  to  produce  holes  pn  the  out  of  plane  O 
contrary  to  the  assumption  used  in  many  strong-correlation  theories  of  superconductivity. 


The  pseudofunction  (PSF)  method*  with  a  local-density 
potential^  has  been  successfully  used  to  compute  spin- 
polarized  energy  bands  for  Ni  and  MnTe.^  The  good 
agreement  with  experiment  encouraged  the  use  of  this 
method  for  the  new  superconducting  materials  such  as 
Sr-doped  La2Cu04,  hereby  denoted  in  short  as  (2:1:4).  In 
this  paper,  we  present  self-consistent  spin-polarized 
local-density  energy-band  results  for  pure  and  Sr-doped 
2:1:4.  The  ground-state  energy  bands  are  semiconducting 
and  antiferromagnetic  (AF)  with  a  moment  of  0.35/^^  on 
the  Cu  atoms.  One  Cu-0  hybrid  state  is  split  off  by  the 
AF  correlation  to  give  a  semiconductor.  The  moment  is 
nonintegfal  because  of  the  strong  hybridization  between 
0  and  Cu  at  the  Fermi  surface.  A  magnetic  ground  state 
is  found  to  be  stable  even  in  the  metallic  state  when  Sr  is 
substituted  for  La.  For  example,  an  AF  state  with  a  mo¬ 
ment  of  0.09/(fl  is  obtained  when  half  of  the  La  atoms  are 
replaced  by  Sr  atoms.  Thus,  contrary  to  widespread  be¬ 
lief,  band  theory  quantitatively  accounts  for  the  magnetic 
properties  of  2:1:4  and  suggests  that  the  magnetic  state  is 
not  observed  in  doped  samples  as  the  disorder  overcomes 
the  magnetic  order. 

The  spin-polarized  band  model  with  a  local-density  po¬ 
tential  has  been  used  by  several  investigators  to  attempt 
an  understanding  of  the  AF  and  semiconducting  behavior 
of  2;  1:4.'*  These  spin-polarized  calculatibns  with  other 
methods  find  the  ground  state  to  be  nonmagnetic  and  me¬ 
tallic  contrary  to  experiment.  We  believe  the  reason  that 
these  attempts  did  not  yield  the  correct  ground  state  is 
that  the  bands  at  £y  arc  too  broad.  Specifically,  for  non¬ 
magnetic  calculations,  the  2.T:4’bands  are  doubly  dcgen- 
erate  on  the  hexagonal  face  of  the' orthorhombic  unit  cell. 
Semiconductivity  can  be  obtained  only  when  this  degen¬ 
eracy  is  lifted.  These  bands  are  only  0.1-7-eV  wide  for  the' - 
PSF  method.^  The  other  techniques  find  these  bands  to 
be  approximately  0.5-eV  wide.  Thus,  the  magnetic  corre¬ 
lation  needed  to  split  a  0.5-eV-wide  band  is  far  stronger 
than  that  needed  for  a  0.17-eV  band,  finally,  we  show 


that  the  nonspherical  part  of  the  crystal  potential  need  be 
expanded  in  at  least  15  625. plane  waves  to  obtain  the  AF 
ground  state.  We  believe  this  to  be  the  key  to  the 
differences  with  other  methods. 

There  are  many  proposals  of  superconductivity  based 
on  the  coupling  via,  magnetic  excitations  both  local  and 
nonlocal.  Such  theories  of  superconductivity  are  wejl  do¬ 
cumented^  in  the  literature  and  will  not  be  referenced 
here.  We  will  only  point  out  that  we  find  the  band  to 
be  at  the  Fermi  energy  as  postulated  by  Lee  and  Ihm.* 
They  accounted  for  superconductivity  with  a  two-band 
model  (broad  band  and  narrow  band)  which  we  find  to 
be  appropriate.  A  more  detailed  two-band  model*  using 
local  densities  of  states  from  the  band  theory  for  the 
broad  Cu-0  band  and  a  Cu-0  band  in  the  z  direction  can 
phf>?omenologically  account  for  the  magnetic  and  super¬ 
conducting  properties  of  pure  and  doped  2:1:4. 

The  spin-polarized  PSF  method  has  been  tested  for  fer¬ 
romagnetic  Ni  and  annferromagnetic  MnTe.*  The  re¬ 
sults  for  Ni  agree  with  those  in  the  literature.  For  MnTe, 
we  find  the  antiferromagnetic  state  to  be  more  stable  than 
the  ferromagnetic  state  in  agreement  with  experiment. 
Calculations  for  MnTe  with  the  linearized  augmented 
plane-wave  (LAPW)  method®  also  find  that  the  antiferror 
magnetic  state  is  more  stable  than,  the  ferromagnetic 
state.  K  on  Si  is  another  example  of  success  for  the  PSF 
method.  The  PSF  method  predicted  the  K-Si  bond 
length  to  be  3.3  A  (Ref.  10)  whereas  the  pseudopotential 
method  predicted  the  bond  length  to  be  2.59  A. "  Subse¬ 
quent,  surface-extended  x-ray-absorption  fine-structure 
(SEXAFS)  experimented^  give  a  bond  length  of  3.15  A 
which  is  very  sinular  to  tbe.pSF  result. 

The  PSF  meth^  hite  a  locd'orbital  basis  set  employing 
the  full  potential  including  th'e.core  states  (see  the  Appen¬ 
dix  for  details).  The  computation  is  done  in  Fourier 
space  for  computational  efficiency  just  as  the  time- 
consuming.  parts  of.  matrix  element,  evaluation  is  done 
with  the  fast  Fourier  transform.  Fnr  P-t-d  tt.. 
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is  expanded  in  15  62*5  plane  waves;  -‘The. very  acciirateex-  - 
pension  of  the  potential  is  essential  in  obtaining  the  0.17> 
eV'wide  band  at.  the- Fermi  energy.  A  less  accurate  po-, 
tential  gives  broader  .bands*  Nine.j,  p,  and  d  basis  func-; 
tions  were  used  on  the  La  and  Cu  atoms  with  sets  on. 
the  O  atoms.  The  basis  functions  are  continually  charged 
during  iteration  to  self-consistency  in  order  to  optimize 
the  description  of  the  charge  density..  Identical  results 
are  obtained  whether  or  not.  the.  0  atoms  were  started 
with  a  spin  state,  "nie  calculation  -was  first  brought  to 
self-consistency,  with  only  a 'single  K  point  in  "the  itera¬ 
tion.  A  four-point  sample  was  next  used."  The  final  itera¬ 
tions  were  done  with  eight  k  points.  The  average  devia¬ 
tion  in  the  potential  between  the  input  and  output  poten¬ 
tial  at  10%  mixing  was  1.1  mRy,  with  a  maximum  devia¬ 
tion  of  7  mRy.  The  moment  of  the  Cu  sites  increased  by 
about  0.02/Zj}  on  going  from  a  four-point  sample  to  an 
eight-point  sample.  Subsequently,  the  calculations  have 


c  been -redonerin ‘.entirety:  with  a, general  set  .of  eight  k 
points.  The  moment  is  unchanged  to  ±0.0lfig  and  the 
bands  are  virtually  identical. 

.  in  Fig.,  1,  the  spin-polarized  bands  near  J?y  are  plotted 
for  2:1:4.  "nie  band  gap  between  filled  and  empty  states 
varies  from  approximately  2  eV  at  T  to  0.06  eV  on  the 
hexagonal  face.  The  bands  are  relatively  flat  in  the  Z 
direction  because  of  the  layered  structure  and  are  not 
shown.  For.  the  hexagonal  face,  the  bands  are  narrow 
and  doubly  degenerate  for  a  self-consistent  field  (SCF) 
non-spin-polarized  calculations.^  For  spin-polarized 
bands,  the  gap  varies  from  0.35  eV  at  X  and  M  to  0.06 
along  the  M  to  N  and  iV  to  S'  directions.  The  necessity 
that  bands  be  narrow  on  this  hexagonal  face  thus  be¬ 
comes  obvious  since  the  spin  effect  which  gives  the  semi¬ 
conducting  gap  varies  from  0.35  to  0.06  eV.  This  band  is 
0.17-cV  wide  for  the  PSF  method*  and  approximately  0.5 
eV  for  other  methods.^  At  internal  points  of  the  Bril- 


(b)/. 


FIG.  1.  Spin-polarized  energy  bands  near  the  Fermi  energy  for  (a)  La]Cu04  and  (b)  LaSrCu04. 
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louin  zone,  the  gap  is  large.  This  gap  existed,  even  for 
non-spin-polarized  energy  bands.  <  >Thus,  the  spin- 
polarization  effect  is  only  opening  a  gap  at  a  small  per¬ 
centage  of  the  points  within  the  Brillouin-  zone.  An  ap¬ 
proximate  measure  of  the  number  of  points  at  which  anti¬ 
ferromagnetism  opens  a  gap  is  a  skin  depth  on  the  hexag¬ 
onal  face  divided  by  the  volume  which' would  be  a  small 
number.  This  is  probably  a  unique  feature  of  the  layered 
Cu-0  materials  because  the  number  of  electrons  is  impor¬ 
tant.  ;  - 

The  indirect  gap  in  Fig.  1(a)  is  as  little  as  0.01  eV.  We 
were  concerned  that  if  the  indirect  gap  were  less  than 
zero  and  a  metallic  state  was  obtained,  the  moment  on 
the  Cu  atoms  might  become  zero.  Thus,  the  bands'  were 
iterated  to  SCF  with  an  extremely  poor  sampling  of  k 
space  using  the  points  S,  L,  N,  M,  and  X.  The  b^ds 
remain  essentially  unchanged  except  that  the  bands  at  L 
overlap  the  bands  at  N  by  0.03  eV  to  give  a*  metal.  The 
moment  on  the  Cu  atoms  increases  to  0.39/x^.  This  result 
indicates  that  our  moment  is  not  sensitive  to  small 
changes  in  band  structure  which  produce,  metallic  over¬ 
lap.  Alternatively,  we  believe  nesting  docs  not  have  to  be 
exact  to  obtain  the  magnetic  ground  state  as  would  occur 
at  small  Sr-dopant  concentrations.  Since  band  theory 
cannot  be  performed  for  small'  deviations  from 
stoichiometry,  we  suggest  that  the  above  computations 
for  a  metallic  state  suggest  that  the  antiferromagnetic 
state  is  stable  for  small  dopant  concentrations.  Small 
dopant  concentrations  of  Sr  probably  would-  not  yield  a 
metallic  state  because  of  the  narrow  bands  dX  Ef  and 
small  overlap  between  carriers.  Disorder  would  also 
create  a  mobility  gap  at  low  carrier  concentrations. 

It  is  important  to  understand  the  magnetic  behavior  as 
a  function  of  Sr  doping.  The  optimal  superconducting 
transition  temperature  is  observed  at  the  large  doping 
level  of  0.15  Sr.  Calculations  have  been  performed  on 
2: 1 :4  where  one-fourth  and  one-half  of  the  La  atoms  are 
substituted  by  Sr.  The  dependence  of  the  magnetic  mo¬ 
ment  as  a  function  of  Sr  is  thus  obtained. 

The  AF  moment  is  obtained  by  integrating  over  all 
spheres.  A  value  of  0.3  is  obtained.  An  important 
understanding  can  be  obtained  by  computing  the  charge 
within  spheres  about  the  different  sites.  In  Table  I,  the 


amount  ofeharge^within  the  Cu  sphere  (i?=0.98  A),  La 
sphere  (i?  =  1.49  A),  arid'O.sphere'(/i=0.86  A)  is  tabu¬ 
lated  for  spin-up  and.  spin-down  bands  for  both  the  pure 
and  doped  2:1:4.  The  O  atoms  are:  labeled  according  to 
the  type  of  coplanar  metal  atom.  For  2:1:4,  the  first  Cu 
atom  has  a  net  spin  down  of  0.35  electrons  (4.33  —  4.69). 
The  O  atoms  are  identical  in  spin  density  indicating  that 
the  spin  is  localized  to  the  Cu  atom.  Even  though  the 
band  picture  is  an  itinerant  picture,  moments  localized  to 
the  metal  atoms  are  obtained.  For: 25%  Sr  doping,  the 
moments  on  the  Cu  are  0,25fig  and  0,32fig,  which  is  indi¬ 
cative  of  small  ferrimagnetism.  At  50%  doping,  mo¬ 
ments  of  0.09fig  are  obtained  on  the  Cu  atoms  with  anti¬ 
ferromagnetic  behavior.  The  O  atoms  within  the  Cu-0 
basal  plane  do  not  have  a  moment  at  any  level  of  Sr  dop¬ 
ing.  For  25%  Sr,  the  O  atoms  adjacent  to  the  Sr  and 
Cu(2)  develops  a  small  moment  of  0.06fig.  Thus,  the  mo¬ 
ment  on  the  Cu  atoms  will  remain  at  a  large  value  for  Sr 
doping  up  to  25%  with  a  slow  decrease  at  higher  levels. 
The  O  atoms  may  also  participate  depending  on  the  dop¬ 
ing  level. 

Spin-polarized  energy  bands  calculated  for  LaSrCu04 
are  shown  in  Fig.  Kb).  The  bands  are  quite  similar  in  ap¬ 
pearance  to  those  for  pure  2:1:4.  Because  one-half  of  a 
band  has  been  depopulated,  the  Fermi  energy  falls  in  the 
middle  of  the  Cu-0  band  associated  with  the  orbital 
and  O  perpendicular  to  the  plane. 

Evidence  for  both  spin  and  charge  fluctuations  via  the 
apex  O  can  be  found  in  Table  I.  As  the  charge  density 
and  net  spin  on  the  O  atoms  in  the  base  are  independent 
of  Sr  content,  we  conclude  that  the  basal  O  atoms  do  not 
participate  in  fluctuations.  First,  we  consider  fluctua¬ 
tions  for  25%  doping  since  this  is  closer  to  experiment  at 
0.15  Sr.  Pure  2:1:4  has  a  charge  of  9.03  (4.34+4.69)  on 
the  Cu  atoms  .and  2.62  on  all  O.  For  25%  Sr,  the  net 
charge  on  Cu  atoms  is  reduced  to  8.98  electrons,  an  in¬ 
crease  in  Cu  valence  of  0.05  electrons.  The  0(La)  and 
0(Sr)  have  moments  of  Q.OSfig  by  reducing  its  spin-up 
character  by  0.06  e.  One  could  envision  fluctuations 
among  the  0(La)  and  0(Sr)  atoms  via  bands  at  Ey  that  Sr 
has  caused  to  be  depopulated.  Fluctuations  require  emp¬ 
ty  states  near  Ef.  Table  I  shows  these  states  to  exist  on 
the  out  of  plane  0. 


TABLE!.  Partial  charge  densities.  The  arrow  indicates  the  spin  direction. 
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A  similar  picture  is  obtained  for.  50%  Sr  doping.  The 
net  charge  on  the  Cu  sites  is  8.75  (4.33+4.42)  on  Cu(l) 
and  9.23  (4.66+4.57)  on  Cu(2)  as  compared  to  9.03 
(4.34+4.69).  Another  important  feature  of  Table  I  is 
that  the  O  that  is  the  nearest  neighbor  of  Sr  losses  0.13 
electrons  (2.62—2.49)  within  its  sphere.  This  0  is  also 
bonded  to  the  Cu  that  loses  0.22  (8.98—8.75)  electrons 
within  its  spheres.  Thus,  the  Sr  doping,  at  least  at  this 
level,  causes  a  hole  to  form  on  the  Cu-0  bond  that  is  the 
nearest  neighbor  to  the  Sr  atom.  Similar  but  less  dramat¬ 
ic  results  occur  for  25%  doping.  This  simply  reflects  that 
the  band  at  the  Fermi  energy  is  composed  mostly  of  the 
Cu-0  character  in  the  z  direction,  not  the  planar  direc¬ 
tions.  , 

—  The  difference  between  the  25%  and  50%  behavior  is 
related  to  how  the  Sr  is  substituted  for  La.  For  25%,  the 
Sr  is  substituted  only  on  one  side  of  the  Cu-0  plane.  For 
50%,  the  Sr  is  placed  symmetrically  above  and  below  the 
plane. 

For  very  low  levels  of  doping,  a  rigid-band  model  indi¬ 
cates  that  only  bands  on  the  hexagonal  face  would  be 
depopulated  and  these  have  very  important  contributions 
from  Cu-0  bonds  within  the  plane  of  Cu-0.  Thus,  at  low 
levels  of  doping,  states  on  the  hexagonal  face  are  depopu¬ 
lated  and  holes  would  be  observed  in  the  Cu-0  plane.  At 
large  dopant  levels  of  15%,  we  would  predict  that  the 
holes  are  in  the  Cu-0  bond  perpendicular  to  the  plane. 
The  exact  spatial  distribution  would  depend  on  the  sym¬ 
metry  of  Sr  dopants  relative  to  the  plane. 

It  is  well  established  experimentally  that  2:1:4  is  anti¬ 
ferromagnetic  with  semiconducting  behavior.  Substitu¬ 
tion  of  Sr  for  La  leads  to  superconductivity.  Neutron 
studies'^  indicate  that  the  Neel  state  is  destroyed  by  dop¬ 
ing  and  that  the  spin-spin  correlation  length  is  reduced 
from  35  to  8  A  as  the  Sr  concentration  is  varied  from 
0.02  to  0.18.  More  importantly,  the  local  order  is  found 
to  be  the  same  for  the  doped  and  pure  2:1:4.  Thus,  it  is 
stated'^  that  no  important  differences  in  magnetic  scatter¬ 
ing  were  found  in  the  normal  and  superconducting  states. 
It  is  important  to  note  that  the  interpretation  of  the  neu¬ 
tron  data  is  that  doping  affects  the  spin-spin  correlations 
leaving  the  moment  essentially  unchanged  from  that  of 
the  pure  state.  Birgeneau  el  al.  caution  that  an  unam¬ 
biguous  interpretation  will  require  samples  where  the 
Meissner  fraction  far  exceeds  the  15%  observed  in  the 
currently  available  samples.  Birgeneau  el  al.  also  indi¬ 
cate  that  there  are  unexplained  differences  between  sam¬ 
ples. 

Our  calculations  are  in  agreement  with  the  above  pic¬ 
ture.  A  moment  localized  to  the  Cu  atoms  is  obtained 
theoretically.  This  moment  is  practically  unchanged  up 
to  a  Sr  concentration  of  25%.  We  can  similarly  claim 
randomly  placed  Sr  will  disorder  the  moments.  Our  com¬ 
puted  moment  of  0.35/ifl  is  quite  similar  to  the  experi¬ 
mental  value  from  neutron  [{0.‘i5±0.05)ftg  (Ref.  15(b)) 
and  muon-spin  resonance  [(0,2-0.6)^g  ].  It  is  certain 
that  the  moment  is  much  less  than  l.Ofig  which  would  be 
obtained  for  spin  0.5. 

Finally,  whether  or  not  the  antiferromagnetic  ground 
state  is  obtained  is  closely  related  to  the  number  of  plane 
waves  with  which  the  nonspherical  potential  is  expanded. 


No  AF  ground  state  was  obtained  when  the  potential  was 
expanded  with  4913  or  9261  plane  waves.  An  AF  ground 
state  was  found  for  24  389  plane  waves.  This  calculation 
was  not.  run  to  SCF  due  to  extreme  computer  cost.  The 
moment  was  0.3  l^a  and  increasing  when  the  job  was  ter¬ 
minated.  Since  the  number  of  basis  functions  was  con¬ 
stant,  the  representation  of  the  potential  is  critical. 

There  are  other  interpretations  of  the  AF.  state  of  2: 1 :4. 
The  resonating  valence  bond  picture’*  assumes  a  spin  of 
5=0.5  on  the  Cu  sites.  An  alternative  strong-correlation 
picture’^  is  that  doping  produces  holes  of  spin  0.5  on  the 
0  sites  in  the  plane.  These  local  moment  theories  claim 
to  account  for  much  of  the  data  but  with  adjustable  pa¬ 
rameters.  Clearly  a  fundamental  assumption  is  that  Sr 
doping  produces  holes  on  the  0  sites  within  the  Cu-0 
plane.  Our  energy-band  results  would  place  holes  in  the 
plane  only  for  low  doping  levels.  For  larger  values  of 
doping  as  in  the  superconducting  region,  our  energy-band 
results  show  holes  on  the  0  in  the  La  plane  not  the  Cu-0 
plane. 

Spin  and  charge  fluctuations  have  been  mentioned  as  a 
possible  mechanism  for  superconductivity.  Our  band- 
theory  picture  indicates  a  substantial  coupling  between 
planes  via  the  O  holes.  Fluctuations  within  the  plane  can 
occur  as  a  result  of  the  fluctuations  on  the  0.  These  fluc¬ 
tuations  produce  an  attractive  pairing  interaction  leading 
to  a  Tp  =  280  K  for  0. 1 5  Sr  doping  of  2: 1:4.'®  An  impor¬ 
tant  feature  of  our  band  results  is  the  capability  of  cou¬ 
pling  within  and  between  planes. 

To  support  our  claim  that  the  width  of  the  bands  at  Ef 
are  sensitive  to  how  well  the  potential  is  represented,  a 
comparison  is  made  for  two  different  representations  of 
the  potential  with  the  wave  functions  remaining  identical. 
Figure  2  shows  the  narrow  band  for  4913  and  15  356 


FIG.  2.  Non-spin-poiarized  energy  bands  at  Ef  for  4913  and 
15  356  plane  waves  in  potential. 
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plane  waves  in  the  potential,  respectively.  The  band  is 
narrow  if  the  potential  has  many  plane  waves.  Only  the 
band  at  has  been  included  for  clarity.  The  band  for 
4913  plane  waves  is  similar  to  that  in  the  linear  muffin-tin 
orbital  (LMTO)  calculations.  The  agreement  cannot  be 
exact  because  the  LMTO  calculation  relies  on  the  ap¬ 
proximation  of  overlapping  spheres  and  the  PSF  calcula¬ 
tion  relies  on  truncating  the  potential  to  4913  plane 
waves.  In  further  support  of  the  accuracy  of  the  PSF 
method,  previously  we  have  shown  that  the  correct  ther¬ 
modynamic  properties  are  computed  for  bulk  Si  (Ref.  19) 
and  that  the  correct  bond  length  can  be  computed  for  a 
CO  molecule.  *  We  have  also  computed  the  correct  sur¬ 
face  structure  of  Si.‘ 

In  summary,  the  itinerant  energy-band  model  yields  a 
band  structure  which  has  a  moment  of  approximately  the 
correct  magnitude  on  the  Cu  site.  Calculations  for  Sr 
doping  support  the  notion  of  spin  or  charge  fluctuations 
on  the  Cu  and  O  sites.  No  evidence  for  localized  holes  of 
spin  0.5  on  the  planar  0  sites  is  obtained.  Our  results 
support  the  interpretation  put  forth  by  Birgeneau  et  al. 
that  Sr  disorders  long-range  spin-spin  correlations  leav¬ 
ing  the  local  Cu  moment  relatively  unchanged. 
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APPENDIX 

The  PSF  method  has  been  described  in  detail*  with  ap¬ 
plication  to  CO  and  Si.  Here,  we  will  provide  an  outline 
of  the  method  and  all  information  that  would  be  required 
to  repeat  our  calculations.  The  unit-cell  parameters  and 
atom  positions  have  been  determined  by  Jorgenson  et  aL 
The  unit  cell  is  divided  into  muffin-tin  and  interstitial  re¬ 
gions.  The  muffin-tin  radii  are  2.81  a.u.  for  La,  1.84 
a.u.  for  Cu.  and  1.62  a.u.  for  O.  The  potential  is  d'vided 
into  spherically  symmetric  potentials  within  the  muffin 
tins  and  a  nonspherical  potential  that  extends  throughout 
the  unit  cell  including  the  spheres.  To  form  the  PSF 
wave  functions,  we  construct  linearized  muffin-tir  orbit¬ 
als  exacth  as  in  the  LMTO  or  LAPW  methods  using  the 
radial  solutions  (f>  and  d.  ^  is  the  energy  derivatr.c  of  0, 
the  solution  of  the  muffin-tin  potential  for  a  given  energy. 
The  energy  parameter  is  chosen  to  be  an  average  band  en¬ 
ergy  as  in  the  linearized  methods. 

Beyond  this  point,  the  PSF  method  differs  from  other 
methods.  First,  we  define  two  new  radii  and  for 
all  the  muffin  tins.  is  chosen  to  be  0.95  Rmt-  ‘^oui 
chosen  to  be  1.25  Rmt-  function  ai  site  n 

for  angular  momentum  Im  is  now  defined  as 


The  parameters  coi„  and  are  chosen  for  continuity  of 
the  function  and  its  radial  derivative  at  R^ut*  The  Neu¬ 
man  function  has  an  energy  parameter  of  —0.3  Ry. 
Within  the  distance  the  parameters  and  b„i„  are 
also  chosen  for  continuity  of  the  PSF  function  at  Rjn. 
The  energies  for  the  Bessel  functions  are  /:|=0.1  Ry 
and  k  2=0.2  Ry.  The  above  procedure  is  followed  for  the 
5,  p,  and  d  orbitals  on  the  La  and  Cu  sites  and  the  s  and  p 
orbitals  on  the  O  sites.  The  results  are  not  sensitive  to 
the  choice  of  energy  parameters  k,  and  ki  within  the  ra¬ 
dius  Rjn.  The  tail-parameter  energy  —0.3  Ry  is  the  re¬ 
sult  of  calculations  on  many  different  systems.  The  resul¬ 
tant  energy  bands  are  not  very  sensitive  to  the  tail  param¬ 
eter  if  a  value  near  —0.3  Ry  is  used.  The  above-defined 
PSF  orbitals  are  smooth  throughout  space  thus  enabling 
straightforward  Fourier  transforms  as  previously  shown.  * 
The  criterion  for  the  number  of  plane  waves  in  the  trans¬ 
form  of  the  PSF  orbitals  is  that  ^imes  the  maximum 
reciprocal-lattice  vector  be  7.0  in  the  three  reciprocal- 
space  directions  thus  defining  a  polyhedron  in  reciprocal 
space  instead  of  a  sphere. 

The  PSF  orbitals  are  now  defined  by  a  linear  combina¬ 
tion  of  plane  waves.  The  PSF  orbitals  are  orthogonalized 
to  the  core  states  by  augmentation  as  in  the  LAPW 
method.  The  solution  of  the  Hamiltonian  is  fully  de¬ 
scribed  in  Ref.  1  and  is  not  repeated  here.  The  charge 
density  is  in  terms  of  spherically  symmetric  parts  within 
the  muffin  tins  and  a  Fourier  series  representing  the  non¬ 
spherical  contribution.  This  plane-wave  sum  contains  ap¬ 
proximately  eight  times  the  number  of  plane  waves  in  the 
wave  function. 

The  self-consistency  loop  follows  that  of  the  standard 
band  theory.  The  charge  density  is  used  to  define  a  new 
potential  which  is  mixed  with  the  old  potential.  New 
PSF  orbitals  are  constructed  and  the  Hamiltonian  is 
solved  again  until  the  input  and  output  potentials  are  the 
same  to  a  small  deviation.  The  PSF  orbitals  change  as 
one  iterates  to  self-consistency.  The  PSF  orbital  molds  to 
the  charge  density  and  changes  as  the  charge  density 
changes  especially  in  the  bond  formation  region  between 
atoms.  The  applications  described  here  and  in  Ref.  I  in¬ 
dicate  that  the  plane  number  waves  in  the  potential  is  vi¬ 
tally  important  for  computation  of  properties.  This 
dependence  is  shown  in  detail  for  a  CO  molecule.*  In 
this  paper  we  have  shown  that  a  bandwidth  similar  to 
that  for  other  methods  is  obtained  for  a  small  number  of 
plane  waves. 
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